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SOCIETY 


Stability and Control. 


MEETING of the Royal Aeronautical 

Society was held in the lecture hall of the 
Institution of Mechanical Engineers, Storey’s 
Gate, St. James’s Park, Westminster, Lon- 
don, S.W.1, on Thursday, March Ist, 1945, 
at which a paper on ‘‘Control Surface Design 
in Theory and Practice’’ was read by 
Mr. M. B. Morgan, M.A., F.R.Ae.S., and 
Mr. H. H. B. M. Thomas, A.F.R.Ae.S. 

In the chair, the President, Sir Roy 
Fedden, F.R.Ae.S. 

THE CHAIRMAN welcomed the authors as 
representing the younger generation in aero- 
nautics. Both Mr. Morgan and Mr. Thomas 
were actively engaged in the investigation of 
the subject on which they were now lec- 
turing, and he felt that we should now hear 
an accurate and interesting lecture. 


H. H. B. M. Thomas obtained Ist Class Honours in Mathematics at the 
University of Wales and joined the Staff of R.A.E. in 1940. 

He is now a Scientific Officer in the Aerodynamics Department engaged 
on Theoretical Stability and Control Research. 
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1. Introduction 

XPERIENCE during the war has shown 
clearly that, of the major aerodynamic 
problems facing the designers of military 
aircraft, the production of satisfactory con- 
trol surfaces is one of the most intractable. 
Indeed, many take the line that control 
surface design is still far more of an art than 
a science. Considerable sympathy must be 
felt for this view, since it is fair to say that 
the difficulties of this subject have mounted 
so rapidly with the increase of speed and 
size of modern aircraft, and with the increas- 
ing severity of operational requirements, 
that research has been hard put to it merely 
to keep abreast of modern developments, let 
alone get ahead of them. Nevertheless, it 
is thought that many of the difficulties at 
present encountered arise from a lack of full 
appreciation of existing information on con- 
trol power and balance. The reason for this 
is fairly obvious. Such information is widely 
scattered in hosts of theoretical, wind-tunnel 
and flight reports. Much of it requires very 
critical examination; for example, tunnel 
tests at unduly low Reynolds numbers or 
with unknown transition conditions can give 
highly misleading results, particularly on 
hinge moments. If the technician dips at 
random into the pile of reports on his desk 
he is quite likely to get such conflicting 
answers that he gives the whole thing up as 
a bad job, and falls back on intuition and 
rule of thumb in proportioning his controls— 
often with unfortunate results. 


In Part I of the present lecture a few of 
the design problems common to all three 
controls are considered; there follows a dis- 
cussion of the difficulties associated with each 
individual control—ailerons, elevator and 
rudder—while the problem of controlling the 
very large aircraft is also touched upon. 
Part II contains an outline of our present 
knowledge of control power and balance, and 
the way in which theory is being developed 
to explain recent wind-tunnel results is 
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described. Finally, in Part III, a few con- 
cluding remarks are made on_ prototype 
testing. 


Part I—PRACTICE 


2. Preliminary Statement—Problems Com- 
mon to all Three Controls 

2.1. Objectives 

It will be well at the outset to clear our 
ideas on just what we expect of the primary 
flying controls. The popular statement that 
the purpose of the controls is ‘‘ to enable 
the pilot to impose his will on the aeroplane ”’ 
does not stand examination without drastic 
qualification. When a pilot emerges from 
thick cloud only to be confronted by a hill- 
side, he quite naturally desires to come to 
an abrupt halt in mid-air; the fact that ona 
conventional machine he is unable to gratify 
his desire does not imply (with all due 
respect to helicopter enthusiasts) that the 
controls are inadequate. The behaviour of 
an aeroplane is bounded by some quite 
definite technical limitations; if airspeed is 
reduced below a certain value the machine 
stalls; for a given aileron angle, other things 
being equal, the steady rate of roll is roughly 
proportional to the true airspeed and 
inversely proportional to the wing span; for 
a given geometry the aerodynamic hinge 
moment on a control surface increases as the 
square of the indicated airspeed and as the 
cube of the linear dimensions; and so on. 
The aim of the designer must be so to pro- 
portion his controls that the pilot can, within 
the framework of the above technical limit- 
ations, execute without fatigue or discomfort 
those manoeuvres which are necessary for the 
aeroplane to fulfil satisfactorily its function 
—either civil or military. 

Many of these necessary manoeuvres are 
common to both civil and military types; 
take-off and landing, correction of trim on 
altering throttle, flap and undercarriage 
position, controlling a multi-engined aircraft 
with one engine dead, etc., are obvious 
examples. Manceuvres of the type involved 
in violent evasive action at high airspeeds 
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are, however, peculiar to military machines. 
Since, in general, ability to manceuvre 
violently at high speeds when in combat 
demands controls with a higher degree of 
balance than would be needed for normal 
flying, the design problems associated with 
the controls are more severe on military than 
on civil aircraft, size for size. In what 
follows, particularly in those sections dealing 
with balance, emphasis will thus be placed 
upon the design of controls for aircraft such 
as fighters and bombers. 


2.2. The Pilot 


From the technician’s viewpoint the most 
obvious problem common to all three controls 
is the pilot. The designer can produce things 
that fly with a very wide variety of speeds, 
sizes and shapes; theoretically there are many 
ways of applying controlling moments to an 
aircraft, ranging from the conventional 
moving surface at the trailing edge to spoilers 
and suction devices; but in all cases we have 
as a common factor the man whose job it is 
to sit in the middle of the contraption, taking 
immediate responsibility for its conduct—to 
wit, the pilot. 

Since we are interested in military aircraft 
we may take as our hero F/O. Fearnaught- 
Smith, the average service pilot. To the 
industry, Fearnaught’s best known character- 
istic is his weight—in flying kit and with 
parachute he has for years scaled precisely 
200 lb. We are here, however, more con- 
cerned with what he can do with his arms 
and his legs. Taken in bulk, pilots vary 
considerably one from the other, but in 
relation to the enormous variations possible 
in the control forces and movements which 
a designer can give to an aeroplane, such 
differences from the average are small and 
need not worry us; they can be met by 
telatively small adjustments of seat or pedal 
Position. Again, the well-known N.A.C.A. 
series of tests in a ground rig have estab- 
lished the way in which a pilot’s efforts vary 
with fore-and-aft and sideways position of 
the stick grip or wheel, and with fore-and-aft 


rudder pedal position. We will here assume 
that the pilot is sitting with his harness done 
up and with the controls placed in a con- 
ventional position in relation to the seat. 
Experience then suggests that Fearnaught- 
Smith’s characteristics are roughly as given 
in Table I. 

In compiling this table we have drawn 
largely on experience gained during flight 
tests of a wide variety of aeroplane types 
which have been fitted with stick and pedal 
force indicators for various handling research 
programmes. It should be noted that no 
attempt has been made to differentiate 
between the pilots of large and small aircraft, 
apart from the distinction made between the 
stick and the wheel types of control. This 
lack of differentiation is deliberate, since it 
seems quite illogical to imagine that the 
bomber pilot is a man of much more powerful 
physique than the fighter pilot, and can 
therefore be expected to exert himself more 
heavily than the pilot of a smaller aircraft 
during normal manceuvres for an equal 
amount of fatigue. The control balance 
problem admittedly becomes much more 
acute as aircraft size go up, while structural 
factors of safety admittedly come down. 
Nevertheless, there has in the past been a 
strong tendency to provide pilots of large 
aircraft with controls far heavier than was 
warranted on grounds of structural safety, 
and the pilots have not complained over 
loudly because they have rarely known any- 
thing better. With increasing knowledge of 
balance characteristics, and in particular 
with the advent of the spring tab and power 
operation, it should be possible to improve 
considerably on this situation. It is there- 
fore suggested firmly that in setting out our 
design cases for controls, we should take as 
our basis the single average pilot of Table 1, 
whether the aeroplane be large or small. 

The points raised in the above table may 
be enlarged upon. Case 1, the all-out effort, 
is largely academic; under no circumstances 
when flying is it legitimate to demand such 
an effort, even in an emergency. Case 2 in 
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TABLE I 


CHARACTERISTICS OF AVERAGE PILOT 


| Elevator (push or pull). | Rudder 


(push), 
Stick. | Wheel. | Stick. | Wheel. 

1 Greatest all-out effort of which | } 
he is physically capable for a 90 120 180 =. 220 400 
very short time (two hands) 

(Ib.) 
2 | Maximum force it | | 
| is permissible to | g. 2 hands | - 80 100 110 
| demand of him | | - 200 
for short while | b. 1 hand 50 50 70 70 
(Ib. ) 
| cares to exert for 2: 2 hands 
20 0 30 30 
(Ib. ) 
4 | Largest hand or foot movement ie wi 
| to which he is accustomed for 4 19)” 490" +9” eg” | 43" 
| full contro] travel | 
5 | Smallest time, from the initi- 
| ation of the control movement, | 1 1 Not 1 
_ in which he can reasonably be | sec. sec. applicable ine: 


| expected to apply full control. | 


| Forces as in 3 
6 | Reaction time, i.e., time-lag 
_ between the occurrence of an 


unexpected event and the in- | 


_ stant when the pilot starts 
_ taking corrective action on the 
controls 


no way represents the desirable upper limits 
for pilot’s effort. The figures quoted repre- 
sent the maximum exertions it is permissible 
to demand of a pilot in any circumstances; 
if he is forced to use larger forces than these 
the controls should be deemed unacceptable. 
Case 3 is highly important, setting out as it 
does the highest forces which a pilot cares 
to exert either in normal circumstances (take- 
off and landing, lowering flaps, combat 
manceuvres, etc.) or in abnormal circum- 


stances (engine cut, baulked landing, 


The values chosen are very much a matter 
of opinion, but are thought to represent fairly 
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what a service pilot would like the designer 
to achieve in the way of upper limits. It 
should be stressed that these figures of case 
3 are upper limits—the pilot would frequently 
like something less—yet in practice they are 
often not met. It would be a sound design 
policy to aim at beating these limits for all 
the manoeuvres which may legitimately be 
demanded of a type: unless, from consider- 
ations of structural safety, there is a strong 
argument, in any particular case, for forcing 
the pilot to put up with higher loads. 

Case 4, maximum hand and leg move- 
ments, plays a major part in setting extremes 


pil 
ma 

his 
is ( 
2 
val 
inte 
the 
situ 
tim 
Thi 
the 
an. 
cast 
ord 
ma! 
usu 
pil 
the 
aire 
4 for 
enla 
elev 
ec! 
volu 
| pilot 
| phys 
| 


OO 


signer 
case 
ently 
are 
lesign 
or all 
ly be 
sider- 
strong 


nove- 
remes 


CONTROL SURFACE DESIGN 


to the mechanical advantages between the 
pilot's controls and the control surfaces, i.e., 
to the stick and pedal gearings. It should 
again be noted that the figures quoted are 
maximum values, above which the pilot 
would feel that he was being asked to work 
his hands and feet through excessive dis- 
tances; on most existing aircraft the greatest 
movements provided are distinctly less. It 
is difficult to generalise about the optimum, 
as distinct from the maximum allowable, 
values for these distances. 

The contrast between cases 5 and 6 is of 
interest, indicating that in a sudden and 
unexpected emergency, an engine cut on a 
multi-engined aeroplane is a typical case, 
the time taken for the pilot to react to the 
situation may well exceed the subsequent 
time he takes to apply the necessary control. 


This has an important bearing on any’ 


theoretical analysis of the motion following 
an engine cut. 

Finally it should be noted, comparing 
cases 1 and 3, that the all-out loads a pilot 
is capable of exerting are of a much higher 
order than those considered desirable when 
manceuvring. Hence, if the controls are 
reasonably light for normal flying, it is 
usually within the physical compass of the 
pilot to break the aeroplane by mis-use of 
the controls. Conversely, should the con- 
trols be made so heavy as to make it 
impossible for the pilot to overstrain his 
aircraft, they would be unacceptably heavy 
for normal manoeuvres. This point will be 
enlarged upon later in para. 3.2 when 
elevator design is being considered. 

We have spent some time on the pilot since 
his characteristics form an essential part of 
any discussion about control — balance. 
Technicians, immersed in b,’s, b,’s, tail 
volumes and the like, sometimes let the 
pilot drift too far into the background; his 
physical capabilities and preferences should 
be kept in the forefront of their minds. 


2.3. Harmony 


During the years preceding the present 


war, the topic of ‘‘ harmony of the controls ”’ 
exerted a peculiar fascination upon those of 
us working in the stability and control field. 
It was observed that the general handling 
qualities of a few types of aircraft were 
almost universally considered excellent by 
pilots, while again a few other types were 
generally termed unpleasant—most aircraft, 
of course, falling somewhere in between; 
and it was considered, quite reasonably, 
that one of the main factors behind the 
pilots’ likes and dislikes was likely to be the 
success with which the controls had been 
harmonised. The attractiveness of this con- 
ception lay in the idea of developing a 
numerical criterion for ‘‘ harmony ”’ in the 
form of a ratio A:E:R_ representing the 
relative values of the forces exerted by the 
pilot at the stick and rudder pedals on 
ailerons, elevator and rudder during certain 
specified manoeuvres. Possibly a 
refined criterion would prove necessary, 
bringing in the response characteristics. By 
testing good and bad aeroplanes a fixed 
value would be established for A:E:R— 
1:2:4 was a popular guess—and if a designer 
worked to this he should greatly increase his 
chance of producing a machine judged by 
most pilots to have sweet controls. 

With the advent of war emphasis rapidly 
shifted from the question of “‘ niceness ’’ of 
control; all our attention was focussed on the 
difficult job of producing controls which 
really worked at the very high airspeeds 
which operational experience quickly showed 
were the rule rather than the exception in 
combat. It is now common knowledge that 
at the start of hostilities most of the front- 
line fighters of the opposing countries, while 
delightfully pleasant aircraft for general 
flying and aerobatics, had ailerons which 
were almost immovable in a high speed dive. 
The situation at present is that on each 
control certain exacting design cases, which 
will be discussed in para. 3, must be met if 
the pilot is to be given a reasonable chance 


more 


of doing his operational job well. Meeting 
these design cases is a difficult enough 
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problem, and provided success is achieved 
harmony can usually be left to look after 
itself. 

As a postscript to this discussion, a recent 
conversation with a pilot who has done a lot 
of flying on our latest fighters—Spitfires, 
Tempests, etc.—during the past few years is 
relevant. Before the war he was greatly 
addicted to a certain fighter which was in 
those days highly esteemed throughout the 
service. In his view the controls were as 
near perfection as could be desired. A short 
while back he had an opportunity of renew- 
ing his acquaintance with his old love—one 
of the type had managed to dodge the scrap 
heap. He was frankly appalled. The con- 
trols seemed heavy and sloppy, harmony was 
poor—trudder much too light in relation to 
the other controls, aerobatics felt unpleasant, 
and so on. All this in an aeroplane which 
seven or eight years ago he thought had 
superb handling characteristics. 

The moral of this story is that pilots’ 
opinions are not absolute, but change with 
the progress of technical development. In 
the possibly somewhat more leisurely times 
after the war it would seem unprofitable to 
return to our quest for some absolute formula 
for ‘‘ harmony.’’ Rather should we con- 
tinue to treat each individual control on its 
own merits, and make quite sure that it is 
up to its job. 


2.4. Mechanics 


Although strictly speaking outside the 
scope of the lecture, a word must be said 
about the importance of good mechanical 
design of the controls and control circuit. 
An American designer of very large aircraft 
once said in this connection that “‘ the 
mechanics are almost as important as the 
aerodynamics.’’ Avoidance of backlash and 
excessive control circuit stretch are obvious 
points to watch. Owing to its insiduous 
nature—adding up a little bit here and a little 
bit there—-friction in the circuit can mount to 
alarming proportions unless careful attention 
is paid to friction prevention in the design 
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stage. Controls that are impeccable aero. 
dynamically can be ruined by excessive 
friction; a pilot finds lack of self-centring at 
low airspeeds extremely irritating. In term; 
of pilot’s force at his controls, every effort 
should be made to keep the friction o 
ailerons, elevator and rudder down to some. 
thing less than 2, 4, and 6 lb. respectively 
on fighters; the corresponding figures for 
bombers the size of our present ‘‘ heavies” 
may be taken as 8, 10 and 10 lb. respectively, 


Avoidance of excessive friction is parti 
cularly important in spring tab and pur 
servo tab designs. With controls of this 
type there is no rigid connection between the 
stick and the control surface; as a result 
friction at the control hinges, say, can 
produce serious lag in response, in that for 
small stick movements no_ corresponding 
movement of the control surface occur, 
whereas for slightly larger movements the 
control surface suddenly moves as friction i 
overcome, and the aeroplane responds with 
a rush. Such a state of affairs can be 
positively dangerous at low airspeeds on the 
approach. From the anti-flutter viewpoint 
designers should also be particularly on their 
guard against excessive backlash in spring 
and pure servo tab layouts. 


2.5. Response Effect 


” 


‘““ Response effect,’’ sometimes termed the 
‘“b, effect ’’ by the more learned, is the 
name given to the alteration in control hinge 
moment which can arise from the response 
of the aeroplane to control movement. We 
will see in Part II that the hinge moment 
coefficient on a control surface is con 
veniently written 

where 
x’ is the local aerofoil incidence 
7 is the control angle 


while b,, b, and b, are “‘ constants.’’* 


* The imperfections of the conception of b, ai 
b, as constants will become obvious on perus# 


of Part II of this lecture. 
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The physical significance of b, is fairly 
obvious, representing as it does the rate of 
change of hinge moment coefficient with 
control angle at constant incidence; unless 
the control is basically overbalanced, b, is 
always negative with the usual sign con- 
vention (this convention is that control angle 
js taken as positive in the direction for 
increasing the lift, while hinge moment is 
considered positive when it tends to increase 
the control angle). To the uninitiated the 
notion behind b, requires more careful con- 
sideration. b, represents the rate of change 
of hinge moment coefficient with local aero- 
foil incidence, at constant control angle. 
Suppose we start off with the control central 
and the aerofoil at zero incidence, and then 
we gradually increase the aerofoil incidence. 
Most controls will, if left free, tend to float 
along the relative wind; i.e., as incidence is 
increased, the trailing edge of the control will 
move upwards. Such a control is said to 
have a negative b,. On the other hand, 
controls with certain types of balance (the 
unshielded horn balance is the most common 
example) have the peculiar property of float- 
ing against the relative wind—as incidence 
sincreased the control tends to move down 
stead of up. In this case b, is positive. 
Thus, while b, is always negative on any well 
behaved control, b, may be either negative 
or positive, although more usually it is 
negative. 

Now, when the pilot applies a control, the 
aeroplane responds. To fix our ideas, let us 
consider the elevator. Suppose the pilot 
moves the elevator up. The aeroplane will 
proceed to pitch nose up, and the tailplane 
incidence will therefore be increased. If the 
devator b, is negative, the elevator will want 
to trail up because of this increased tailplane 
incidence, thereby reducing the pilot’s effort 
ueeded to hold the elevator up. Conversely, 
fb, is positive, the pilot’s effort will be 
increased. The ratio of pilot’s effort allowing 
for such a ‘‘ response effect ’’ to what it 
Would be if there were no response is termed 
the response factor K. In mathematical 


terms, if a change in elevator angle Ay 
produces, owing to response, a change Az! 
in tailplane incidence, the change in elevator 
hinge moment coefficient Cy is given by 


AC, =b, Ac! . . (2) 
b, Ada! 
= (1452.32). 
If there were no response (Az’=0), then 
AC, =b,An 


Hence the response factor K may be 
written 
and the pilot’s effort, instead of being pro- 
portional to b,, is proportional to Kb,. Since 
both Az’/Ay and b, are negative, K is less 
than unity when b, is negative, and response 
lightens the control forces, as we have 
already noted; while a positive ), means that 
K is greater than unity, and the control thus 
feels heavier. 


In many cases K is not far from unity; 
but with certain types of balance giving an 
unusually large value for b,/b,, response can 
have a profound influence on the ‘“‘ feel ”’ 
of the controls. In general response effects 
are more marked on elevator and rudder 
than on ailerons, since in the case of the 
former two controls a unit control angle 
produces larger values for Az’ than does 
application of unit aileron angle. On aero- 
planes the size of present day single engined 
fighters, a typical value for Az! /An (aileron) 
is 1/5, whereas Az'/An (elevator) and 
Az!/ An (rudder) may well be of the order 
of 1.0 or more. 

With regard to b,/b,, the value for this 
ratio normally lies within the region 1.0 to 
—1.0 for controls balanced by means other 
than a geared tab. Larger values can arise 
with geared tab balance, since in general a 
geared tab leaves the effective b, of the con- 
trol unchanged, but reduces numerically the 
value of b,; if a control has initially a high 
negative b,, and a geared tab is used to 
balance closely on b,, the ratio b,/b, may 
rise to about 2.0, with consequent magnifi- 
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cation of the favourable influence of response 
on pilot's effort. 

As an example of the effect under dis- 
cussion, some years ago we were puzzled at 
our pilots’ reports that the elevator of the 
Lockheed 12A, a transport aeroplane of 
about 350 sq. ft. wing area, was pleasantly 
light although (i) the aeroplane was quite 
stable longitudinally and (ii) the elevator 
was completely unbalanced. flight 
investigation showed that the elevator forces 
when manceuvring were halved 
owing to response effect, the measured value 
of b, b, being about 0.75. 

This topic of the interaction between 
and_ hinge been 
stressed here, possibly at undue length, since 
when interpreting wind-tunnel results there 
is sometimes a tendency to argue solely on 
b,. Unless b, is brought into the picture a 
misleading impression may well be gained, 
particularly in the case of elevators and 


roughly 


response moments 


rudders. 


2.6. Stick-free ’’ Stability 

The sign of b,, expressing as it does 
whether the control tends to trail along the 
relative wind or against the relative wind, 
must obviously determine whether stability 
is increased or decreased on freeing the 
control surface. Consider once again the 
tailplane and elevator. The lift coefficient 
of the tail may be written 

+ ayy (4) 
x’ and » being as before local tail incidence 
and elevator angle, while a, and a, are 
constants. 

If a gust suddenly pitches the aeroplane, 
the tailplane will tend to restore the aeroplane 
to its original attitude because the change of 
tail incidence, Ax’ will produce a change in 
tailplane lift coefficient AC,’, thereby giving 
a restoring moment about the centre of 
gravity (this moment will be of no avail if 
the aeroplane is unstable owing to the C.G. 
being too far aft, since in this case the 
destabilising wing and body moments over- 
power the stabilising tail moment). 
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Consider now what happens if (i) the 
elevator is rigidly fixed at some constant 
angle, and (ii) the elevator is left absolutely 
free to rotate, so that C,,=0 throughout. Jp 
the first case the change in tail lift coefficient 


resulting from the tail incidence change A,’ ' 


must, from equation (4), be 
AC,'=a,Az! “ stick fixed ’’ . . (5) | 
whereas, in the second case, with the elevator 
free, the elevator will trail through an angle 
Ay, and the change in lift coefficient will be 

and, since (,,=0 throughout, we have from 

equation (2) 

An= —b,/b,A2! 
Thus 

AC, “‘stick free’’ (6 
Comparing equations (5) and (6), it can 
be seen that the stabilising force produced by 
the tail is modified in the ratio (1—a,h, a,b,) | 
The term a, ‘a,b, is 


on freeing the elevator. 
always negative. Hence a 
possessed normally by unbalanced or moder. 
ately balanced set back hinge controls—wil 
give a value less than unity for (1—a,), 
a,b,) and will result in a loss in stability on 
freeing the stick—as is obvious physically, 
since the control tends to float along the | 


negative b, 


wind, so reducing the lift—whereas a positive | 
b,, often possessed by unshielded hom 
balance, etc., will result in a gain in stability 
on freeing the control. Similar argument | 
to those given above for longitudinal stability | 
also apply to the contribution of fin and | 
rudder to weathercock stability, while the | 
effect of freeing the ailerons on rolling | 
moment due to sideslip can also be cot | 
sidered in the same way. 

For both the tails and fins of conventional | 
aeroplanes the ratio a, a, does not valy 
greatly from type to type, in comparison with 
the large range from positive to negative 
possible for b,/b,. Hence the difference 
between control fixed and control fre 
stability depends primarily on the | 
b,/>,, which makes it a very important | 


parameter to the designer. ' 
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It is quite true that the notion of a control 
surface being “‘ fixed ’’ or “‘ free ’’ does not 
bear much relation to what goes on when a 
pilot is flying an aeroplane. He normally 
rests his hands and feet quite lightly on the 
stick and rudder pedals, which are thus 
usually neither fixed nor free. They are 
certainly very rarely fixed—the conception 
of a pilot clamping the stick or rudder pedals 
in one position is quite unreal—although 
more often they are released, particularly the 
rudder pedals. Quite apart from this, how- 
ever, the state of the control surface may not 
be closely related to what a pilot is doing 
with his stick in the cockpit. For example, 
if there is considerable friction in the circuit 
at or near the elevator hinges, the elevator 
may itself be effectively fixed during a 
phugoid oscillation, although the pilot has 
freed the stick; again, if there is little friction 
but considerable backlash or slackness in the 
circuit, the pilot may do his best to hold the 
stick fixed and yet leave the elevator 
effectively free for small movements. 

For these reasons many people, pilots in 
particular, are inclined to look on the con- 
ceptions of “‘ stick fixed ’’ and “‘ stick free ”’ 
stability as rather rarified ideas adopted by 
impractical technicians who should know 
better. This attitude arises from a misunder- 
standing of technical jargon. When the 
scientist talks about “‘ stick free’’ and 
“ stick fixed ’’ stability he is really discussing 
certain fundamental aerodynamic character- 
istics of the aeroplane from which can be 
deduced features of the utmost practical 
importance to the pilot. As an example, the 
“ stick free ’’ longitudinal stability character- 
istics largely determine the stick force needed 
to change the speed of the aeroplane without 
tetrimming, while from the “‘ stick fixed ”’ 
longitudinal stability characteristics the stick 
movement needed to make this speed change 
can be deduced. 


1s thus by no means academic, and one of 


The significance of b,/b, 


the main arts of elevator and rudder design 
lies in suitably adjusting this ratio. 


2.7. Increased ‘‘ Liveliness 


with Height 


of Control 


This effect has only become of importance 
in recent years, accompanying the marked 
increase of operational heights—fighters 
nowadays regularly flying higher than what 
was a world record for altitude a decade or 
so ago. Pilots are often rather puzzled by 
the physical ideas behind increased “‘ liveli- 
ness ’’ at altitude, and sometimes interpret 
it as instability. 

Briefly, at a given A.S.I. reading, ignor- 
ing for simplicity any Mach number effects, 
the applied moment on an aeroplane resulting 
from application of a certain control angle is 
independent of height, being determined 
solely by I’\?._ The damping moment, how- 
ever, which comes into play when the 
aeroplane attains an angular velocity, falls off 
with height. Hence the aeroplane responds 
more briskly at high altitudes. 

This can best be seen from consideration 
of the ailerons. A given aileron angle will 
produce a rolling moment proportional to 
I’\?. A steady rate of roll will be achieved 
when the damping moment just balances this 
applied moment. The damping moment 
arises from the change in effective wing 
incidence resulting from the roll; that of the 
downgoing wing will be increased, and that 
of the upgoing wing decreased. For a given 
rate of roll, it is fairly obvious that the 
change in mean wing incidence on one side 
is equal to the ratio of downward velocity 
(determined by rate of roll and span) and 
forward velocity (i.e., true airspeed), and 
hence is proportional to 1/1’, the resultant 
damping moment thus varying as 17/1’. 
Hence, considering the balance of the applied 
moment and the damping moment, final 
steady rate of roll must be proportional to 
V2/(VA/V), ie., to V, the true airspeed. 
Since |’=I',/./o, where o is the relative 
density, at a given A.S.I. (1.e., a given I’,) 
the steady rate of roll will thus be propor- 
tional to 1/7. Values for this factor are 
given in the table. 
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1/¥ 
rate of roll at altitude 


rate of roll at sea level 
(Const. A.S.I.) 


Height, feet. 
0 


1.0 
10,000 1.16 
20,000 1.37 
30,000 1.63 
40,000 2.01 
50,000 2.55 


It will be seen that below 20,000 ft. the 
effect is not very pronounced, but above that 
height it starts becoming noticeable; at 
40,000 ft. rate of roll is roughly double that 
obtainable at low altitudes at the same A.S.I. 
reading. 

Similar arguments, though different in 
detail, hold for the response to elevator and 
rudder. This increased control liveliness 
plays a part in the sensation of ‘‘ balancing 
on a pin point ’’ often reported by pilots at 
very great heights, although other factors 
such as lack of power reserve undoubtedly 
also come into the story. 


2.8. ‘“ Repeatability ’’—Role of the 
Spring Tab 
2.8i. Manufacturing Errors and 


Distortion in Flight 

One of the major troubles facing the 
designer in connection with the controls of 
modern military aircraft, large and small, is 
the great variation in the aerodynamic heavi- 
ness of the controls on aeroplanes of the same 
mark whose geometry is nominally identical. 
As aeroplanes come off the production line 
wide differences between the control character- 
istics of the individual aircraft are often 
found during the production flight tests, 
ailerons being the worst offenders, and much 
effort must be expended, adjusting hinge 
height, doctoring the profile, or even chang- 
ing the ailerons at random until a suitable 
pair is found, in ensuring that each aircraft 
finally passed out to the surface meets some 
acceptable standard. The same difficulty 
arises when damaged controls have to be 
replaced in service. In aggregate the time 
wasted owing to this lack of ‘“‘repeatability”’ 
is enormous. 
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We now have a fairly clear idea of tel Tw 


reasons behind repeatability ’’ trouble, 
Basically they have arisen because designex 
have been forced, during the last few year, 
to balance their controls much more closely 
than was usual in the past. Certain classe’ 
of aircraft, particularly the ‘‘ heavy” 
bombers, have increased greatly in size; on | 
all classes the airspeeds have gone up; and, 
most important of all, operational requir. 
ments have rapidly increased in severity 
under the spur of competition with an enemy 
of undoubted technical ability. All thes 
factors have driven designers to exceedingly 
close balance. 

Now the overall hinge moments on ;/ 
highly balanced control are very sensitive to | 
quite small] alterations in its profile shape. 
The wind-tunnel work at the National 
Physical Laboratory, to be discussed in 
greater detail in Part II of this lecture, has 
shown this clearly; in particular, the trailing 
edge angle plays a dominating part in deter- 
mining the variation of hinge moment with 
control angle and with incidence. Lack of 
repeatability ’’ arises from small 
alterations in the geometry of the control. 
These can be classed under two _ heads, 
namely:— 


(i) Those resulting from errors in manv- 
facture—small differences in profile, | 
hinge height, shroud settings, gaps, | 
etc.; and 

(ii) Those resulting from distortion of the 
control surface under aerodynamic 
loads, distortions of the covering 
material being the most important. 


The second class, distortion in flight, can | 
be dealt with to some extent by stiffening 
the control panels. In the case of fabric 
covering more ribs can be added, venting cat 
be made more definite, etc. Many, however, 
hold the view, shared by the authors, that 
metal covering is desirable on any vely 
highly balanced control, although even with 
metal covering panel distortion at high speeds | 
can produce effects by no means negligible. 
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Two startling instances of the influence of 
fabric distortion may be of interest. Both are 
taken from flight experiments undertaken by 
Mr. D. J. Lyons at Farnborough. On a 
large four-engined aircraft the stick force 
per ‘“‘ g ’’ in the dive was reduced in the ratio 
3:1 on changing from fabric to metal covered 
elevators. While measurements of the hinge 
moments on a single fabric covered Frise 
aileron on a Spitfire at various speeds gave 
the striking results illustrated in Figs. 1 and 
2. Arough idea of the trailing edge angle and 
centre line camber of a section midway 
between a single pair of ribs was obtained by 
electrical apparatus inside the aileron. These 
rough figures for trailing edge angle and 
camber are plotted, together with hinge 
moment coefficient, against aileron angle. 
In Fig. 1 the large change in the character 
of the hinge moment curve on increasing the 
speed from 150 m.p.h. to 350 m.p.h. should 
be noted; the similarity to the hinge moment 
curves of the trailing edge angle and camber 
curves shows conclusively that such geo- 
metrical changes play a large part in the 
alteration of the hinge moments. The curves 
of Fig. 2 apply to the same aileron, the sole 
difference being that the holes leading to the 
interior of the aileron at the hinge points were 
sealed, thereby altering the internal pressure 
and so changing the distortions. It will be 
seen, comparing Figs. 1 and 2, that the hinge 
moment curves are greatly altered by this 
modification. 

The first-class, errors in manufacture, is 
dificul€“to cope with. A control surface 
cannot be built with the precision of a watch. 
If an attempt were made in manufacture so 
to tighten up the tolerances that the geo- 
metrical differences between individual con- 
trols had no appreciable aerodynamic 
significance, the additional work in the shops 
would certainly represent an even greater 
effort than is at present expended in getting 
the controls ‘‘ right ’’ by trial and error 
during the flight tests of each individual 
aircraft off the production line. Such an 
approach is therefore uneconomic. 


For those who would care to estimate the 
significance of changes in profile shape in any 
particular case, the following crude generali- 
sations are given, based on tunnel tests at the 

(i) A + 1° change in the mean trailing 
edge angle of the last 10 per cent. of 
the control chord will result in a 
change in b,, Ab, of about +0.04. 


(ii) An increase of the centre line camber 
of the control of 0.01 will produce a 
AC,, of —0.03. 


Experience on “‘ repeatability ’’ to date 
may be summarised by the statement that if 
metal covered controls are manufactured 
with average care, the designer must be 
prepared for a variation AKb, of +0.05 in 
the aerodynamic balance factor Kb, as 
between contro!s made to the same drawings. 
If we are working to a basic Kb, of —0.1, 
this means a ¢ 50 per cent. variation in 
aerodynamic heaviness. On military aircraft 
it is often desirable, in the interests of oper- 
ational efficiency, to give the ailerons an even 
higher degree of balance than that repre- 
sented by a Kb, of —0.1. When this is done 
the consequences of a AKb, of +0.05 can 
easily become unmanageable. 


2.82. Methods of Avoiding the Con- 
sequences of Errors in Manu- 
facture 


Two solutions to the problem are available. 
They are:— 


(i) The spring tab. 
(ii) Power operation. 


Power operation is the obvious answer to 
repeatability ’’ troubles. No attempt need 
be made to give the control a very high 
amount of balance. An electric or hydraulic 
engine more powerful than the average pilot 
is installed to push the control around. The 
pilot actuates the motor through some 
follow-up mechanism which provides a 
control angle proportional to stick angle. If 
necessary the pilot is given “‘ feel,’’ either by 
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Comparison of curves corresponding to speeds of 150, 250 and 350 m.p.h. V1. 
Fabric aileron—hinge holes sealed. 
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feeding back to the stick a proportion of the 
contro moment, or by some 
independent mechanism, Admittedly many 
difficulties come in the train of power oper- 
ation—the need for extreme reliability, the 
necessity for duplication to safeguard against 
etc.; these are formidable 
But thé problem is essentially one 
of clever mechanical engineering. 

It must be confessed that the aero- 
dynamician views such a solution with dis- 
taste; it of failure. 
Fortunately an alternative presents itself in 
the spring tab. It may legitimately be 
claimed that the spring tab postpones the 
need for power operation up to sizes of air- 
craft well above those now in common use, 
excluding aircraft which may have to 
operate at high subsonic or supersonic 
speeds. Since, in addition to coping with 
‘“‘ repeatability ’’ troubles, the spring tab 
possesses a number of further aerodynamic 
virtues, a section may well be devoted to an 


hinge 


power failure, 
matters. 


seems an admission 


outline of the characteristics of this type of 
balance. 


283. The Spring Tab 


A spring tab layout is illustrated diagram. 


matically in Fig. 8a. The pilot’s effort is 
Spring unit, preloaded cr 
unpreloaded. 


| 
ol xE 


Fig. 3a. 
lf needed there may be inserted in the rod BD 
(i) A trimming jack. 


(i1) A subsidiary spring, to magnify the influence 
on stick force of tab hinge moments about 
E. 


taken in the usual way to the rod AB. 
Instead, however, of B being fixed to the 
moving contro! surface, as in a conventional 
control, it is attached to one side of a 
spring unit BC, the other side of which 


Diagrammatic sketch of spring tab mechanism. 


/ 
/ 
Tab completely 
~ unbalanced plus 
ae subsidiary spring 
OY which effectively 
doubles C,. 
ey 
/ 
Z 
/ 
Y Tab completely 
Stick NO PRELOAD unbalanced. 
force per 
unit control 
ange. 
| / 
H / 
Tab completely 
balanced 
Z (C,=0). 
a 
— 100 200 300 400 


Equivalent airspeed 1; m.p.h. 


Fig. 


3b 


Typical characteristic curves for spring tab system. 
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OB 
is a lever pivoting freely about the control 
hinge at O, while BD connects B with the 
tab crank DE. 

Any relative movement between B and C 
will result in application of the tab. The 
spring unit BC may be either unpreloaded, 
in which case compression or extension of 
BC is directly proportional to the applied 
load; or it may be preloaded, so that com- 
pression or extension only occurs when the 
applied load exceeds a preset value. It will 
be seen that the mechanism is so arranged 
that the tab moves in such a direction as to 
relieve the pilot’s effort. 


is earthed to the control surface at C. 


With a conventional control the stick force 
per unit control displacement is proportional 
to the dynamic pressure q, i.e., it varies as 
(speed)*. In the case of an unpreloaded 
spring tab system, however, the stick force 
per unit control angle varies as 

q{1-1/(1+a+b/q) } 

where a and b are constants depending on 
the geometry of the system. The coefficient 
b is invariably positive, lying usually between 
+6 and +30; a depends directly on the 
degree of balance of the tab about the tab 
hinge. With a completely balanced tab, a is 
zero, and the type of characteristic curve 
obtained is as indicated by the lower curve 
of Fig. 3b. If the tab is completely 
unbalanced, a typical value for a is + 0.1, 
giving the middle curve of Fig. 3b. 
inserting a subsidiary spring in the final tab 
link, the effect of tab hinge moments can be 
magnified; the top curve of Fig. 3b indicates 
the sort of thing that can be done by this 
means. A very wide variety of characteristics 
are thus at our disposal. 

We are here mainly concerned, however, 
with the bearing of the spring tab on 
“ repeatability.’”’ A spring tab scheme may 
be thought of crudely as a geared tab layout 
in which tab gearing is progressively and 
automatically increased with increase of air- 
speed. When the pilot applies his control, 
there is thus at any airspeed a certain gearing 


By. 
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between the tab movement and the control 
surface movement. this gearing 
depends on the balance characteristic of the 
control surface with tabs locked, which we 
will call Kb, in the usual way. 


Now 


If this basic 
heaviness is increased, owing to the manu- 
facturing errors and distortions already dis- 
cussed, tab gearing is automatically increased, 
thus tending to compensate the increased 
basic heaviness. Similarly, should the basic 
heaviness be decreased, tab gearing is auto- 
matically decreased. 


This effect is illustrated in Fig. 4. Suppose 
that in the case of a single-engined fighter we 
are designing for a stick force of 30 lb. for 
+ 20° aileron at 400 m.p.h. V;.. With con- 
ventional balance this will demand an 
effective Kb, of about —0.02. An alteration 
of AKb, of 40.05, which we have already 
suggested must be catered for, will give a 
AP of + 71 lb. operating on the design 
value P of 30 1b. In Fig. 4 the corresponding 
values of AP with a spring tab system are 
plotted against basic Kh,, tabs locked, for 
various values of preload P,. With an 
unpreloaded spring tab scheme it can be 
shown that AP/P is equivalent to Anb,/Kb, 
where Ixb, is the tabs locked balance factor. 
The curves of Fig. 4 show the striking 
reduction in AP which accompanies use of 
the spring tab. By the time we have reached 
a Kb, of —0.2, AP has been reduced from 
+ 71 lb. to + 7} lb. even when preload is 
zero. Experimental confirmation of this 
effect is given in Fig. 5, illustrating the results 
of flight tests on a pair of fabric covered 
Spitfire ailerons fitted experimentally with 
spring tabs, basic heaviness being increased 
by the progressive addition of trailing edge 
cord. 


In view of its attractions much work has 
recently been done on the spring tab layout, 
both theoretical and in flight. Some of the 
more important points bearing on this type 
of balance are summarised below:— 


(i) If on any control the design case 
demands a —Kh, of less than 0.2 
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with conventional balance, use of a (ii) Use of the spring tab enables the 
spring tab is recommended to ensure designer to control the distribution of 
‘* repeatability.’’ effective balance with speed with far 
FIGHTER 


AP=7I Ibs. FOR A Abs OF - 0-05 


100 WITH CONVENTIONAL CONTROL 


DESIGN VALUE WITH NO SPRING TAB- CONVENTIONAL CONTROL 


80 


T 


oO 
' 


Po=O 


P= 301bs.-DESIGN VALUE 


STICK FORCE FORt20° AILERON AT 400 MPH. 


Po= 20LB. 
Oo = 
Po= O 
we) 
1X 
fe) 
O-1 0-2 o4 0-5 - Kbp 
(TABS ;LOCK 
rol 


= AP = -71 Ibs. FOR A Abp OF + 0-05 
WITH CONVENTIONAL CONTROL. 


-60 
Fig. 4 
Influence of basic Kb,, tabs locked, and preload on increment of stick force due to a 
variation of +0.05 in Kob,. 
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the | greater precision than is possible for trimming unless preload is 
mn ot with conventional balancing methods. high. 

h far (iii) For all three controls, with spring (f) Tab and control surface must be 

* tab balance:— mass-balanced, the position of 

(a) Tabs locked Kb, should lie the tab mass balance being 

between —0.2 and —0.3, i.e., bounded by certain limitations 

some initial balance by set-back as indicated in an appropriate 

hinge or other means is desirable. requirement, to safeguard 


(b) Tab power b, should also lie against flutter. 


between —0.2 and —0.3. 2.9. Balance Characteristics and Other 
(c) A follow-up ratio (tab move- Points 
ment/control movement | stick 
fixed) of between 3 and 4 is 
usual. 


The broad subject of balancing methods 
will be dealt with in Part II. It may, how- 
ever, be useful here to sketch briefly the way 
(d) There is little case for preload. jn which differing nose shapes tend to 
(e) A separate tab is recommended _ influence the aerodynamic balance. 
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40 
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Flight tests of experimental Spitfire ailerons. 
INustrating comparative insensitivity of spring tabs to variation in Kpb,, 
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Let us take a symmetrical N.A.C.A. 0009 
aerofoil, trailing edge angle 11.6°, having a 
control whose chord aft of hinge is 30 per 
cent. of the control chord, a value typical 
for elevators and rudders. The hinge is 
assumed on centre line, and for simplicity 
we will only consider the two-dimensional 
case. 


Basic control b.=--0.75 
(1) 


Sealed concentric-nose unbalanced, T.E. 
L= 


=11.6 


Modifications to give ’.=-—0O.20 at 
10° control angle. 


Blunt nosed overhang, .005c gap. 
32% balance; if gap sealed 
balance required = 36% 


Sharp nose overhang .005c gap. 
55% balance approx.; if gap sealed 
ba'ance required—=70°% approx. 


(iv) 


Sealed internal balance. 


42% balance approx. If unsealed, with gap area 
1 


=} vent area, balance required =52%, approx. 


(v) 


\ 


Sealed concentric nose; bevelled to give T.E.L. of 
approx. 
30%c control on N.A.C.A. .00C9—two 
dimensional methods of obtaining a >, of —O.2. 


Fig. 6 


If the nose is made a circle round the hinge 
and the gap at the nose is sealed, we obtain 
a value of —0.75 for b, at a control angle of 
10°. Suppose we put on noses of various 
shapes in order to reduce this b, at 10° to 
—0.20. In Fig. 6 are drawn to scale the 
various ways in which such a result can be 
achieved. 
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(i) The first sketch indicates the un- 
balanced control. 

(ii) If the nose is blunt and unsealed, 32 
per cent. balance is needed, rising to 
36 per cent. on sealing the nose. 

(iii) If the nose is sharp and unsealed, 55 

per cent. balance is required; this 

would rise to roughly 70 per cent. 
on sealing the gap. 

(iv) Upon adding shrouds and sealing the 
nose, producing the well-known 
“internally sealed balance ’’ indi- 
cated in the fourth sketch, 42 per 
cent. balance would be needed. A 
nose gap equal to } the shroud gap 
would demand an increase of balance 
area to 52 per cent. 

(v) Lastly, by bevelling the trailing edge 
to give a trailing edge angle of 33°, 
we could obtain our b, of —0.2 
without any nose balance. This 
should be merely regarded as of 
academic interest—such a method of 
balance is undesirable for a variety 
of reasons. 


The general trends are clear. On un- 
shrouded controls blunting the nose aero- 
dynamically lightens the control, while 
sharpening the nose makes it heavier. In 
both cases sealing the nose gap makes the 
control heavier. With a shrouded internally 
sealed and balanced control more balance 
area is needed than with an unsealed blunt 
nosed control, but less compared with an 
unsealed sharp nosed control; in this case 
unsealing the nose makes it heavier. 

While discussing sealing, useful rough 
figures to carry in one’s head for unshrouded 
controls are that if the nose gap is less than 
1 per cent. of the local aerofoil chord, the 
control is effectively sealed, from the view- 
point of lift. If the gap is greater than 3 per 
cent. of the aerofoil chord, the control 1s 
effectively fully unsealed. 

One other point may be stressed here. The 
tunnel work to be discussed in Part II 


al 
3: 
{ 
: 
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| 
t 


CONTROL SURFACE DESIGN 


indicates the vital importance of trailing edge (1048); Martlet (260); Me.109F (173); 


oa angle on hinge moment characteristics. One Mosquito (450); Mustang I (236); Spitfire 
d. 39 of the more important practical conclusions V (242); Stirling I (1460), and Typhoon 
ae to to be drawn from this work is that controls PP 5(279)).. 

. with large trailing edge angles have hinge The gross wing area in sq. ft. has been given 
" 55 moments 68 aaa sensitive to the wing in brackets after each machine, in order to 
this boundary lay 1.€., render the symbols of Fig. 7 identifiable. 
oeul, point position, etc. departure from linearity It will be agreed that these form a fairly 

of the hinge moment—control angle curve representative cross-section of well tried and 

also increases as trailing edge angle goes up. highly developed modern types. They fall 

ig the Hence it is a good general rule never to give naturally into three well defined classes: 

mown | a control a trailing edge angle greater than (1) Single-engined fighters, wing area about 

a 16°, pane to as an angle oe 250 sq. ft.; (ii) medium sized twins, fighters 

al what the and bombers, wing area about 500 sq. ft.; 

ae chances of producing a good control without and (iii) heavy bombers, wing area roughly 

I gap lengthy development are greatly increased. —_1_,950 sq. ft. 

lance 

a The general tendencies are clear. As size 

3. The Individual Controls goes up there is a slight fall off in relative 

; edge 3.1. Ailerons aileron size, a noticeable increase in _per- 

f 33°, 3.11. Present Practice centage balance, and a marked reduction in 

~02 In order to get a rough idea of how - stick gearing. The latter two trends are what 

This | designers of military aircraft proportion their would be expected. The first, a falling off 
as of ailerons, it is instructive to select about of relative aileron area, is at first sight a little 
‘od of fifteen well-known and modern service types surprising in view of the inevitable reduction 
mien d for examination. Three of the more im- in rate of roll with size for a given aileron 

portant geometrical parameters are (i) aileron area, and probably reflects the difficulty of 
1 un- , area aft hinge/gross wing area, (ii) aileron balancing large controls on large aircraft. 
aero- percentage balance (area ahead/area aft Average values from Fig. 7 are given 
while | hinge), and (iii) mean stick or wheel gearing in Table II. 
In (total control angular range divided by total With regard to type of balance, with three 
-s the movement of stick top or wheel rim). In_ exceptions the ailerons of all the aeroplanes 
rnally Fig. 7 these have been plotted against gross listed have some form or other of Frise 
lance wing area. Among the aeroplanes selected balance; the variety of nose shapes is con- 
blunt | — are:— siderable, ranging from very sharp to very 
th an Beaufighter (503); Dornier 217 (610); blunt. Two, Mosquito and Ju.88, have 
5 case Fortress II (1277); F.W.190 (203); slotted ailerons, while the Mustang ailerons 
Halifax II (1250); Havoc II (465); Ju.88 are unbalanced apart from geared tabs. 
rough (583); Lancaster I (1800); Liberator II Maximum aileron angles are usually 
TABLE II 
| 
1 the | CURRENT AILERON PRACTICE 
Single-engined fighter ... 250 0.060 28 
The | Medium bomber 500 0 058 30 18 
tI Heavy bomber ... 1250 0.052 35 12 
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Fig. 7 
Military aerop'anes—present practice in aileron design. 
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between 15° and 20° down, and from 20° to 
95° up. Two marked exceptions are the 
Mustang I, with + 10°; and the Fortress II, 


with + 12°. 


3.12. Aileron Power 

The size of the ailerons is dictated, not by 
the requirements of high speed manceuvr- 
ability, but from considerations of adequacy 
of contro] at low speed—primarily from the 
viewpoint of good aileron control during the 
approach and landing in bumpy conditions. 
Experience suggests that if aileron area aft 
hinge wing area exceeds 0.05 and the ailerons 
are worked through roughly + 20°, aileron 
power at low airspeeds should be adequate 
for the classes of aeroplane under consider- 
ation. An exception must, however, be made 


for certain specialised classes—such as 


carrier-borne aircraft—in which abnormally 


good lateral control on the approach is 
desirable. 

From consideration of space for flaps, etc., 
aileron span/wing span cannot normally 
exceed 0.45, and usually runs between 0.35 
and 0.45. From the balancing viewpoint it 
is attractive to keep the aileron span up and 
the aileron chord down, having decided on 
the aileron power required. Short span wide 
chord ailerons, sometimes considered when a 
very large flap is needed to give very high 
lift, are extremely difficult to develop into a 
nice control compared with ailerons of more 
normal proportions. Thus in general it is 
wise when proportioning the ailerons to 
ensure that (i) aileron area/wing area is 
greater than 0.05, and (ii) aileron span/wing 
span is not less than 0.35. Elaborate tech- 
nical arguments can be given for the optimum 
telation between aileron span and _ aileron 
area, but the conclusions depend so much on 
the initial assumptions made and on the 
interpretation of the results that the final 
alsWers are no more reliable than the figures 
{rom experience quoted above. 

With regard to differential, it is customary 
to use a little, of the order of 18° down aileron 


angle combined with 25° up. Differential 
is used partly with the idea of reducing the 


adverse aileron yawing moment, but a 
number of successful aileron installations 


have flown with no differential, maximum 
angles being about + 20°. 

On modern machines the level of weather- 
cock stability is higher than in the past and 
as a result adverse aileron yawing moment 
has ceased to be a serious problem. A note 
of caution must be sounded here, however. 
As more powerful engines are being installed 
in single-engined fighters, airscrew size is 
increasing in order to absorb the extra power, 
and with this trend comes a marked increase 
in the destabilising ‘‘ fin effect ’’ of the 
airscrew on both weathercock and _longi- 
tudinal stability. As a result high perform- 
ance fighters with conventional engines will 
tend to have less weathercock stability and 
more attention may have to be paid to 
adverse aileron yaw. 

If adequate aileron power is provided at 
low airspeeds, there should be more than 
enough power available for the extremely 
important military case of manoeuvring in a 
high speed dive, since for a given aileron 
angle rate of roll increases linearly with true 
airspeed apart from the falling off at high 
airspeeds arising from the wing twist which 
occurs on application of the aileron. This 
only assumes disastrous proportions if the 
wing aileron reversal speed (the speed at 
which wing twist just nullifies the applied 
aileron) is unduly low; on fighters, provided 
the reversal speed exceeds 700 m.p.h., ample 
aileron power should be available at 450 
m.p.h. with ailerons of normal proportions. 
The problem is to utilise this available power 
by making the ailerons light enough in the 
dive for the pilots to be able to apply a 
reasonable aileron angle; which brings us to 
the all important topic of balance. 


3.13. Atleron Balance 
Let us consider a typical single-engined 
fighter; wing area 250 sq. ft., and a typical 
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heavy bomber, wing area 1,250 sq. ft. In 
Figs. 8a and 8b stick force is plotted against 
aileron angle for various values of the aileron 
balance factor Kb.,, the airspeed being taken 


K€ 2 =-0°3 -O-1 


80 


+10° 


ie) 715° 
AILERON ANGLE +S 

T 

° 30 100 150 


STEADY RATE OF ROLL AT 10.000FT DEG/SEC. 


tt. 

b=35.6 ft. 

S.=15 sq. ft. total 
Fig. 8a 

Ailerons at 450 m.p.h. Vi. 


tt: 
m=2.3 deg./inch. 


Fighter. 


as 450 m.p.h. V; for the fighter, and 300 
m.p.h. V, for the bomber—representative 
conditions for a high speed dive in which 
vigorous evasive action may be needed. 
Values assumed for the relevant geometrical 
parameters-—aileron size, stick gearing, etc., 
will be found on the figures, while the 
steady rates of roll appropriate to each aileron 
angle are indicated on subsidiary scales, 
height being assumed to be 10,000 ft. 

Dealing first with the fighter of Fig. 8a, 
let us assume that the pilot would like to be 
able to generate rate of roll of 100 deg./sec. 
He wants to achieve such a high rate of roll, 
not of course in grder to roll steadily round 
and round, but in order to get to about 80° 
bank as quickly as possible preparatory to 
putting on “ g”’ 
avoid someone who is threatening to shoot 


and turning off sideways to 
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him from the rear. This rate of roll demand 
+10° of aileron. Reverting to our typical | 
pilot of Table 1, we see that he does not like 
to put more than 20 Ib. on the stick, and w ? 
have decided that it would be unfair to as 
him for more than 50 Ib. Taken in cop. | 
junction with an aileron angle of + 10°, thes 
forces give us the points c (convenient) and | 
M (maximum) of Fig. 8a. To achieve eve 
M, it can be seen, demands a value for the 
aileron balance factor Kb, of —0.08; whil 
to get down to C we want Kb, of abou 
— 0.03. 

As already discussed in para. 2.81, it i | 
not practical politics to work to a —Kb, o | 
less than 0.05 with conventional balancing | 
methods; and whatever we choose, we mus 
expect a variation AKb, of +0.05 from | 


aileron to aileron—owing to manufacturing 
K - 0:10 -0-08 -0:06 -0.05 
0:10 -0.08 -0.06 -0.05 
BO; On 4-09-04 
/ 
| 
60 }-0-03 


FORCE 
LB | 
40 v4 1-09.02 


+50 
AILERON ANGLE 


20 


| 
+ 
“45 


19 29 30 40 
STEADY RATE OF ROLL AT {0.000FT DEG/SEC 
b= 106 ft. m=1.2 deg. inch 
=75 sq. ft. total 
Fig. 8b 


Heavy bomber. Ailerons at 3CO m.p.h. |: 

errors and distortion—unless quite excep 
tional care is taken in manufacture. Henc | 
with conventional aerodynamic balance- | 


Frise, geared tab, and the like—it is no 
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practicable to give the pilot C. We can give 
him M at the expense of a probable variation 
in aileron heaviness of more than + 60 per 
cent. (+0.05 AKh, on a basic Kb, of 
_0.08) from machine to machine, with con- 
sequent delay in carefully selecting individual 
ailerons by trial and error during production 
test flights. In para. 2.82 it was pointed out 
that there were two ways round the difficulty. 
We can consistently give the pilot not M but 
C by adopting (i) spring tab balance, which 
irons out errors in basic heaviness, thus 
rendering the AKb, of +0.05 innocuous. or 
(ii) power operation, which burkes the pro- 
blem by brute force. For this particular 
application the authors favour the spring tab, 
on grounds of simplicity and reliability. 

Similar arguments hold for the heavy 
bomber, as indicated in Fig. 8b. Here the 
pilot has a wheel, which alters the ‘‘ con- 
venient ’’ and ‘‘ maximum ”’ forces to 30 lb. 
and 80 lb. respectively. In this case we will 
demand a rate of roll of 15 degrees per 
second; this will allow reasonably rapid 
evasive action to be taken in relation to the 
size of the aircraft. It will be seen that the 
points M and C correspond to values of Kb, 
of about —0.10 and — 0.035 respectively, not 
very different from those of the fighter. The 
same problems thus arise, and the logical 
solutions—spring tabs or power operation— 
present themselves again; on an aircraft of 
this size, spring tabs would again seem the 
preferable solution. 


3.14. 
A few disconnected jottings on various 


other aspects of aileron design are included 
below:— 


Sundry Points 


ailerons are self- 

many modern pilots 
demand very little “‘ feel ’’ at low 
airspeeds on the approach, appre- 
ciating very light stick forces for full 
aileron. 

(ii) Current methods of doctoring Frise 
ailerons include rigging both ailerons 


(1) Provided the 
centring, 


(iii) 


(iv) 


(v1) 


(vii ) 
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down if too light, and rigging both 
up if too heavy—this must be 
indulged in with caution since over- 
balance easily results. Adjusting 
the up and down position of the 
hinge in relation to the wing, by 
trial and error, is also practised; 
unless undertaken by highly trained 
personnel, such adjustment is very 
undesirable. 

Unsatisfactory distribution ot 
balance with airspeed, arising from 
an unpredictable variation of Kb, 
with speed, is more likely if the 
aileron trailing edge angle is large: 
as already mentioned in para. 2.9, 
it is wise to keep the trailing edge 
angle below 16°. The spring tab 
affords by far the most convenient 
method of controlling the distri- 
bution of balance with speed. 
Although possibly not a design case, 
adequacy of aileron control in 
recovering from the consequences 
of one engine cutting on a multi- 
engined machine is an important 
point which must be checked in 
flight. 

From their very nature, ailerons are 
rarely very effective near the stall. 
Pilots have got used to regarding the 
rudder as the primary lateral control 
in this region. 

Automatic leading edge slots are 
liable to cause a marked aileron 
“snatch ’’ just as they open. This 
can be very disconcerting under 
“¢’’ at high airspeeds. 

Rolling moment of inertia plays less 
part in the crispness of a fighter’s 
response to aileron than is popularly 
supposed. On a given aeroplane a 
variation of + 25 per cent. in the 
rolling moment of inertia will be 
barely perceptible to the pilot in 
terms of quickness in starting and 
stopping a roll at high airspeeds. 
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(vill) From the strength aspect on- mili- 
tary ailerons are in a 
different category from elevators 
and rudders. Large aileron angles 
are an operational necessity at high 
airspeeds. There is thus no question 
of restricting the amount of aileron 
a pilot can apply—the wing and 
aileron structure must be strong 
enough to take these large angles. 
Normally this only means _ local 
stiffening, the main wing structure 
usually being made _ sufficiently 
strong in torsion, quite apart from 
the aileron case, to meet stiffness 


aircraft, 


requirements. 


3.2. Tailplane and Elevator 
Taking the same list of aeroplanes as that 
given in para. 3.11, some of the more im- 
portant geometrical characteristics relating 
to tailplane and elevator design are plotted 
against wing area in Fig. 9; the character- 
istics illustrated are tail volume coefficient, 
elevator area gross tail area, elevator per- 
centage balance and stick gearing. 

Dealing with these in turn, it will be seen 
that on the medium and heavy types our 
American colleagues favour bigger tails than 
On fighters, however, the 
unanimity with which American, British and 
German designers choose a tail volume coeffi- 
cient of about 0.45 is very strking. With 
regard to the ratio elevator area/gross tail 
area, this falls steadily from 0.34 for fighters 


Present Practice 


ourselves. 


Type. area, sq. ft. | 


Single-engine fighter 250) 
Medium bomber 500 
Heavy bomber 1250 
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to 0.27 for the heavies; the scatter of th 
points about the mean line is remarkabj 
Elevator percentage balance tig, 
rapidly with size, while stick gearing fal, 


small. 


appreciably. 
Average values from Fig. 
in Table III. 


The most popular method 
set-back hinge, this being used on nine of th 


types considered, combined in some cas 
Five other of thos | 


with a geared tab. 


9 are give 


of balance i 


aeroplanes on our list have some form ¢| 


horn balance on the elevator, again combine 


in certain cases with a geared tab. On 
aeroplane, the Mustang, has neither forwar! 
balance nor tab balance. 


Maximum up elevator angle is usual 
round about 25°; there one marke 
exception, the Junkers 88, which has near 
40° of up elevator. Maximum down elevati: 
angle is normally in the region of 20°. 


is 


Three of the German aeroplanes considere 
—Me.109F, FW.190 and Ju.88—have tai: 
planes whose incidence can be adjusted 1 
flight. 
Me.109F and FW.190, but the Ju.88 elevate 
is fitted with a trimmer tab, tail incidene: 
only being changed on lowering the flap: 


None of the other machines considered i 


This is used for trimming on th) 


Fig. 9 have adjustable tailplanes—in eat! | 


case trimming being effected by trim tabs 0 
the elevator. The relative size of the trimme 
tabs varies within wide limits from type t 
type, but maximum trim tab angles are wit 
few exceptions less than + 15°. 


TABLE III 


(CURRENT TAILPLANE AND ELEVATOR PRACTICE 


Elevator 
ail volume | Elevator area | Stick 
coeff. V. Gross tailarea balance Deg. /inch 

0.44 0.34 11 
0 60 O32 18 34 
0.60 0 27 41 24 
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Military aeroplanes—present practice in tailplane and elevator design. 
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3.22. Tail Size—Longitudinal 
Stability 
We cannot divorce the balance and lift 


the elevator from the 
longitudinal stability of the aeroplane as a 
whole, since as indicated in para. 2.6 these 
features are intimately connected. Let us 
first confine our attention to a rigid aeroplane, 
i.e., an aeroplane whose structure does not 
distort at high airspeeds. It is well-known 
that as the centre of gravity moves aft the 
aeroplane gets progressively less stable. In 
this connection there are four useful con- 
ceptions which help greatly in clarifying any 


characteristics of 


discussion of longitudinal stability. The 
first two of these, the ‘‘ neutral points,’’ are 
old and well-known; the last two, the 


‘ manceuvre points ’’ have been popularised 

in recent years by the theoretical work of 
Mr. S. B. Gates and Miss H. M. Lyon. 

(i) The “‘ stick fixed neutral point ’’ is 
that centre of gravity position at which there 
is no change of elevator angle to trim with 
speed. When the centre of gravity is not on 
the neutral point, its distance ahead of the 
neutral point, in terms of the mean chord, is 
called the ‘‘ stick fixed static margin.’’ 

(ii) The “‘ stick free neutral point ’’ is 
that. centre of gravity position at which, 
having trimmed the elevator at one particular 
speed, no stick force is needed to hold the 
aeroplane at a new speed without retrimming. 
At any other centre of gravity position, its 
distance ahead of this neutral point is called 
the “‘ stick free static margin.”’ 

The stick fixed neutral point is independent 
of the balance characteristics of the elevator, 
unless the balance arrangement demands a 
gap at the control nose which may reduce the 
slope of the tail lift curve. The difference 
between the stick fixed and stick free neutral 
points is determined largely by the 
b,/b,, as noted in para. 2.6. 

(iii) The ‘‘ stick fixed manceuvre point ”’ 
is that centre of gravity position at which 
the stick movement needed to hold a steady 
normal g”’ 


ratio 


at constant airspeed is zero. 
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The 
stick fixed manoeuvre margin.” 

(iv) The “‘ stick free manoeuvre point ”’ ; 
that centre of gravity position at which th| 
stick force per ‘‘ g’’ is zero; the margin j 
termed the “ stick free manceuvre margin, 


corresponding margin is called th 


Since stick forces are far more importay 
than stick movements to a pilot, the stig; 
free margins play a larger part in the “‘ feel’ 
of the elevator than their stick fixed opposit | 
numbers. In general the manceuvre point j 
aft of the corresponding neutral point, is, | 
when the centre of gravity is on the stick fre 
neutral point, there is still a positive stic 


ce ” 
. 


force per “‘ g 


Ideally, if the aeroplane is rigid and th 
aerodynamic really are con- 
stant, the stick fixed and free neutral point | 
stay put over the whole speed range unt! 
the stall is approached; the trim curves ar 
linear. Excluding very high speeds, thi 
condition is often true in real life on th 
glide. At full throttle, however, slipstream 
commonly exerts a destabilising effect whic 
becomes accentuated at low airspeeds; 
speed is decreased, the neutral points move 
forward. 


constants ”’ 


When a designer has decided roughly o 
the shape of the wings and body, two course 
are open to him if he wants to aim for: 
certain stick fixed static margin. He cai | 
either put the centre of gravity forward, ant 
fit a small tailplane; or he can arrange his | 
ioads to give a further aft centre of gravity, | 
and put on a larger tail. In practice, how 
ever, on aircraft of conventional layouts, bi | 
has not a great deal of control over the centr 
of gravity position, which normally range | 
between 0.25 c. and 0.35 c. Experience 
suggests that the tail should be large enoug! 
to give at least neutral static stability, stick 
fixed, in cruising flight with the centre ¢ 
gravity on the aft limit; a possible exceptio: 
can be made in the case of small fighters 


which can tolerate a small adverse stick fixed | 
margin provided the stick free static margi | 


is positive. 
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A difficulty enters here, however, in that 
as time goes on the centre of gravity of an 
aeroplane moves steadily aft, because the 
most obvious place to put additional equip- 
ment is in the fuselage behind the centre of 
cravity. Hence it is wise to start off with a 
stick fixed static margin of 0.02—0.04 c. with 
the C.G. aft, cruising, as an insurance against 
future rearward C.G. drift. It is obviously 
economic to design initially for as far forward 
acentre of gravity as is practicable, to avoid 
the necessity of excessive tail area, with its 
accompanying weight and drag. 


3.23. Stick-free’’ Stability 

We have already seen that the loss or gain 
in stability on freeing the stick depends 
largely on the ratio b,/b,. Now, while an 
aeroplane may be quite acceptable if it is 
slightly unstable stick fixed, all classes of 
aeroplanes, ,large or small, should be con- 
sidered unacceptable if unstable stick free. 
From the pilot’s point of view stick free 
instability implies tightening up in turns, 
self-stalling and reversal of stick force on 
altering speed——all highly undesirable. 

Since designers are constantly faced with 
rearward C.G. drift on their aeroplanes, and 
since the pilots only start complaining 
vigorously when the C.G. arrives in the 
neighbourhood of the stick free neutral point, 
methods of shifting this point back by 
relatively small modifications to the elevator 
balance are of considerable practical import- 
ance, 

With normal set-back hinge balances b, is 
normally negative, and there is a loss of 
stability on freeing the stick—considerably 
accentuated if b, is made very small by use 
ofa geared tab. Aerodynamically there are 
two main ways of swinging b, over from 
negative to positive, one well-known, the 
other not so well-known. 

(i) Horn balance. Gains in stability on 
freeing the stick of more than 0.05 c. can 
easily be obtained by fitting an unshielded 
horn. Care must be taken in positioning the 
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horn, since if it is in an irregular wake the 
pilot will get a constant jerking on the stick; 
this can easily happen on a multi-engined 
machine if the horns are behind the nacelles. 

(il) Set-back hinge with anti-balance tab. 
As percentage balance is increased, b, first 
becomes positive, then with still more balance 
b, becomes positive, with blunt or medium 
nose shapes. The overbalanced b., of such 
a control can be reversed in sign by fitting 
an anti-balance tab (i.e., a geared tab 
acting the opposite way from normal, called 
in America a ‘‘ leading tab’’), leaving b, 
positive, and thus giving a gain in stability 
on freeing the stick. This is more attractive 
than the horn, since the balance is not so 
localised, and so is less susceptible to local 
irregularities of flow. A number of such 
installations have been flown with consider- 
able success. 

Whatever is done to make b, more positive, 
an important consequence will be that in 
terms of stick force the change of trim on 
lowering the flaps will become more nose-up, 
since the added downwash will tend to make 
the elevator float upwards if b, is positive. 
This can be a very embarrassing feature if, 
on an existing type, large horns are added 
to the elevator to improve stability. 

In general it is unwise to attempt a gain 
in stability of much more than 0.05 c. on 
freeing the stick. Elevators with a very large 
positive b, have an unpleasant “‘ feel’’ in 
bumpy air, as they tend to respond rather 
too vigorously to the changes in tail incidence 
which occur in bumps. 

Other devices which can be used for 
increasing the stick free stability are weights 
and springs. A constant moment, applied by 
a weight on an arm or by a long spring, 
tending to move the elevator down, will add 
to the stick free stability. We will not go 
into the physical explanation of this here; 
in our view use of such devices should not 
be encouraged. They should be regarded as 
temporary expedients, only to be adopted in 
emergency, and should never be incorporated 
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in a design from the outset. A weight 
moment is unpleasant to the pilot when 
taxying. A spring can, in certain circum- 
stances, have an unfortunate influence on the 
dynamic stability. 


3.24. Stick Force per g’”’ 

In our rigid aeroplane with well behaved 
‘ constants,’’ stick force per ‘‘ g ’’ depends 
on the stick free manceuvre margin, and is 
independent of speed. In this respect the 
elevator is fundamentally different from the 
aileron; we have no (speed)* law to beat. 
Stick force per ‘‘ g’”’ is, however, critically 
dependent on C.G. position, getting less as 
the C.G. moves aft and disappearing when 
it reaches the manoeuvre point. 

Owing to this interaction between C.G. 
position and manceuvrability, it is impossible 
to generalise about elevator balance in the 
way we did on ailerons. It is quite possible 
to have an aeroplane whose stability 
characteristics are such that the degree of 
elevator balance needed is determined, not 
by consideration of manoeuvrability at high 
speeds, but by the case of applying large 
angles for reasonable forces when getting 
down the tail on landing. 

Something can, however, be said about 
desirable values for stick force per “‘ g.’’ On 
fighters, designers should aim at giving the 
pilot between 3 and 8 lb./‘‘ g’’; under no 
conditions should the stick force per “‘ g ’’ be 
less than 3 Ib., in the interests of safety. It 
should be noted that with the values quoted 
above the pilot can easily break the aero- 
plane, breaking “‘ g ’’ normally being about 
10. The occurrence of ‘ black-out,’’ how- 
ever, provides a natural warning of excessive 

Turning to heavy bombers, appropriate 
figures are more debatable. It is suggested, 
however, that the stick force per “‘g”’ 
should be such that it requires a pull of about 
100 lb. to reach breaking “‘g.’’ With 
heavy bombers, breaking ‘‘ g’’ is less than 
black-out ‘‘ g,’’ so that this particular warn- 
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ing is absent. Nevertheless, 100 |b. js 
unlikely to be applied inadvertently. Taking | 
breaking ‘‘ g ’’ as 4, this force means a stick 
torce per “‘ g’’ of about 35 lb. It is appre. 
ciated that many will consider this unduly 
low. It is suggested here primarily to pro- 
mote discussion. 


3.25. Distortion Effects at High 
Airspeeds 

When an aeroplane is diving at high 

airspeed the aerodynamic forces cause 

structural distortions — fuselage bending, 

twisting of the tailplane and _ elevator, 


bulging of the control panels, etc.—which 
are nowadays sufficiently large to have a 
profound influence on the behaviour of both 
fighters and bombers in the dive. The theory 
of such “‘ aeroelastic ’’ effects on longitudinal 
stability and control has recently been 
examined by Mr. S. B. Gates and Miss H. M, 
Lyon. The matter is extremely complicated, 


and no attempt will be made to go into detail 
here. A few broad statements on practical 
aspects may be useful, however. The mos 
obvious consequences to the technician ate 
that trim curves no longer obey the rules at 
high airspeeds—neutral points tend to go to 
infinity, etc. On modern fighters the stick 
force needed to hold an aeroplane in the dive 
without retrimming is largely determined 
by aeroelastic behaviour. An _ important 
theoretical conclusion which has in numerous 
cases been borne out in practice is that if the 
stick force to hold in the dive is excessive 
because of such effects, it can be reduced by 
increasing the fixed tailplane incidence; this 
leaves stick force per ‘‘g’’ unaltered. 
Determination of the neutral points is value 
less in the dive if distortion effects are large. 
The conception of the stick free manceuvie 
point, however, still retains its utility. The 
most satisfactory way of determining whethe! 
an aeroplane is acceptable in the dive is byé 
direct assessment of the qualities importatt 
to the pilot, namely:— 
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(i) Stick force to hold in the dive without 
retrimming. 
(ii) ‘“‘ g’’ on releasing this force. 


” 


(iii) Stick force per “‘ g. 


3.26. Other Points 

(i) The elevator power required is governed 
largely by the need for getting the tail down 
on landing with C.G. forward. When setting 
out a new design the best guide to what will 
be needed is past experience, since ground 
effect renders a detailed analysis of the 
problem difficult. 

(ii) Bearing in mind our average pilot of 
para. 2.2, it should be the designer’s aim to 
keep the changes of trim in terms of stick 
force on lowering flaps, opening up the 
engines for a baulked landing, etc., within 
the limits + 30 lb., so that a pilot can com- 
fortably hold them with one hand while 
adjusting his throttles and trimmers with the 
other. 

(iii) Flight experience of elevator 
behaviour at very high Mach numbers is 
limited. So far no deleterious effects of horn 
balance have been observed, while tab 
effectiveness appears to be retained after a 
shock stall of the main planes. 

(iv) Owing to propeller destabilising “‘ fin 
effect ’’ the tail volumes indicated for fighters 
in Fig. 9 may be expected to rise in future, 
as powers and propeller sizes go up. 


3.3. Fin and Rudder 


Keeping to the same list of aeroplanes as 
that given in 3.11, geometrical characteristics 
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of the fins and rudders are plotted against 
gross wing area in Fig. 10. Apart from 
fighters, the Americans again favour rather 
larger fins than ourselves. The ratio rudder 
area /total fin and rudder area falls from 0.5 
for fighters to 0.25 for the heavy bombers, 
while percentage balance rises rapidly from 
about 10 per cent. to over 30 per cent. 
Pedal gearing falls with increasing size. 
Average values from Fig. 10 are tabulated 
below. 

The method of balance is fairly evenly 
divided between set-back hinge and horn, 
combined in many cases with a geared tab. 
Two of the types, Mosquito and Ju.88, are 
fitted with spring tabs. Maximum rudder 
angles are usually round about + 25°, with 
the exception of two of the German 
machines; the Me. 109F has maximum 
angles of +34°, and the Ju. 88 +41°. 

All the aircraft considered have trim tabs 
on the rudder adjustable in flight, with the 
exception of the Me.109F and the FW.190; 
on both these aircraft no means of trimming 
the rudder in the air is provided. Maximum 
tab angles vary from + 6° to + 25°, the 
normal figure being in the region of + 15°. 


3.32. Design Cases 


Provided an aeroplane has a reasonable 
degree of weathercock stability, the rudder 
is the least used of the controls for normal 
flying, and is regarded by many as a glorified 
trimmer. By reasonable weathercock 
stability is meant a value for the non- 
dimensional coefficient n, of at least 0.06 on 
medium and large aircraft. Destabilising 


TABLE IV 
CURRENT FIN AND RUDDER PRACTICE 


Pedal 


Fin and Rudder area) Rudder 
Type. | rudder vol. | Nett fin anu percentage gearing, 
| ae coeff.* j rudder area balance. deg./inch. 
Single-engined fighter | 250 | 0.10 0.5 8 8.0 
Medium bomber _ ... | 0-10 0.45 | 14 7.5 
Heavy bomber | 1250 | 0.10 | | | 66 


* Based on gross fin area, i.e., 


including hody beneath fin. 
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Military aeroplanes-—present practice in fin and rudder ‘design. 
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airscrew ‘‘ fin effect ’’ is rapidly becoming 
so pronounced on high powered fighters that 
it is difficult to achieve a value of n, greater 
than 0.06 on such aircraft; it is suggested, 
however, that n, should not be allowed to 
fall below 0.03, rudder fixed. 

On single-engined aircraft with conven- 
tional engines and no contraprops, rudder 
power is determined largely from consider- 
ations of 

(i) Ability to prevent swing during take- 

off. 

(ii) Ability to prevent sideslip during the 

initial climb at full throttle. 

On such aircraft rudder balance is settled, 
often by trial and error, by-the problem of 
keeping the leg loads needed to cope with 
changes of directional trim with speed and 
throttle setting within reasonable limits. 
Turning to our typical pilot of para. 2.2, we 
see that our aim should be to keep such loads 
within + 60 lb. This has become a major 
design problem on small aircraft with very 
powerful engines. Owing to the complicated 
nature of the slipstream distribution over the 
fin it is very difficult to generalise about the 
best wavs of tackling the problem. Two 
points may be of value:— 

(i) Assuming the change of trim on open- 

ing or closing the throttle arises 

- largely from a change in the mean 
sidewash at the fin, the resultant 
pilot’s effort to prevent sideslip can 
obviously be modified by altering the 
b, of the rudder. In one or two cases 
this has been borne out in flight during 
development work. 

(ii) The spring tab has also been used 

effectively in tackling this problem. 
The tab itself should be unbalanced 
to assist in preventing undue lightness 
at high airspeeds. 

The relative positioning of fin and tailplane 
is often determined from consideration of 
good anti-spinning qualities. The empirical 
criteria for rudder shielding, etc., are now 


well-known, and will not be enlarged upon 
here. 

Turning to multi-engined aircraft, rudder 
power is determined largely from consider- 
ations of holding the aircraft straight when 
one engine suddenly fails during a full 
throttle climb at low airspeeds; while rudder 
balance is dictated by the same condition— 
again we should ideally keep the pilot’s foot 
load below 60 Ib. during any corrective 
action he has to take. 

A large amount of rudder power is usually 
needed for the above case, and one of the 
main arts of fin and rudder design on multi- 
engined machines lies in preventing this 
available power from becoming an embarrass- 
ment to the pilot in normal flying. In 
particular under no circumstances should it 
be possible for the pilot to stall the fin by 
applying excessive angles of sideslip—this 
will be considered separately later. 

Although, as already suggested, the rudder 
is the least used control during normal 
manoeuvres, fin and rudder design deserves 
particularly keen attention on medium and 
large service aircraft. Experience has shown 
clearly that incorrect use of the rudder, 
leading to inadvertent sideslip, is one of the 
more important factors in causing a relatively 
inexperienced pilot to lose control when 
flying on instruments in cloud or at night. 
The most likely fault is failure to correct 
promptly, with the rudder, sideslip arising 
from changes of directional trim with speed 
and with throttle setting. At high speeds 
such inadvertent skid, when combined with 
high dihedral and heavy ailerons, can result 
in a spiral dive with the speed mounting 
rapidly, from which difficult 
unless vigorous action is taken to remove the 
sideslip, possibly with assistance from the 
rudder trimmer. To, guard against such a 
possibility it is obviously desirable that:— 

(1) Weathercock stability should be 

reasonably high, to cut down the 
magnitude of the inadvertent skid; 
this was one of the reasons behind our 
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recovery is 


recommended value of at least 0.06 
for the n, of medium and large air- 
craft. 

(1) Change of directional trim with speed 
and throttle setting should be as 
small as possible. This is a difficult 
technical problem, unless contraprops 
or opposite handed airscrews are 
fitted. Its solution, moreover, may 
not seem so urgent to the designer as 
it might, since to a highly skilled test 
pilot flying in the daytime a certain 
degree of change of trim may appear 
innocuous, even though it were suffi- 
ciently great to worry a less highly 


trained pilot under more difficult 
circumstances. In the case of both 
single- twin-finned aircraft. 


particularly twin, the effect of fin and 
rudder position and this 
feature can be studied during proto- 
type trials. Judicious manipulation of 
the rudder b, and b, may result in a 
marked reduction of these directional 
trim changes. Thorough 
ment work on this point is well worth 
while in every case. 


size on 


develop- 


3.33. Fin and Rudder Stall 


An aeroplane is usually unstable direction- 
ally to a marked degree with the fin and 
rudder removed. This unstable body yawing 
moment is one of the reasons behind the 
danger of a fin stall. If the angle of sideslip 
exceeds about 20°, and special precautions 
have not been taken, the fin and rudder 
combination may stall. The unstable body 
moment then takes charge, and causes the 
aeroplane to yaw rapidly still further; such 
excessive yaw may be accompanied by a 
violent rolling tendency, via dihedral, and 
may well result in complete loss of control. 
The dangers of a fin stall are further 
aggravated by the phenomenon popularly 
known as ‘‘ rudder locking.’’ As the fin 
stall sideslip angle is approached, the rudder 
hinge moment characteristics usually change 


“ce 
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abruptly in such a manner as to make the 
rudder want to go over in the direction for 
increasing the sideslip. 
viewpoint this is equivalent to overbalance, 
Suppose a pilot is applying left rudder jn 
order to sideslip to starboard, pushing with 
his left foot. The first indication that the 
fin stall region is being approached is usually 
a lightening of his leg load, followed by the 
rudder pedal running away from his foot an¢ 
going hard over to port. If the airspeed is 
low enough a light push on the starboard 
pedal may suffice to get the rudder off before 
a dangerous manceuvre develops; but it is 
quite possible for the hinge moments to be so 
high that the pilot, pushing with all his 
strength on the starboard pedal, cannot get 
the rudder off; from his viewpoint the rudde: 
is aerodynamically ‘‘ locked.”’ 

From the foregoing it is obviously desirable 
so to proportion the fin and rudder that it is 
either impossible or very unlikely for the 
pilot to get into this region. In the case of 
single-finned aeroplanes this is most con- 
veniently done by adding a dorsal extension 
to the fin. This has the property of greatly 
increasing the angle of sideslip needed to stal! 
the fin, as indicated in Fig. 11. Such a 
solution is not open to us on_ twin-finned 
layouts. The stalling angle of the fin is 
increased somewhat by keeping to a fairly low 
fin and rudder aspect ratio, but we must b 
prepared for a smaller stalling angle than that 
obtained with a dorsal central fin—something 
less than 20° as compared with the 30° or 
more possible with a dorsal. Our procedure 
here should be that, having decided what 
rudder power is needed, enough fin area must 
be provided to keep the angle of sideslip fo: 
full rudder at low airspeeds below that at 


From the pilot’; | 


which the fin stalls, making some allowance | 


for overswing in a dynamic manceuvte. 


3.34. Rudder-free ’’ Stability 


The same b,/b, arguments for the effect 


of freeing the control already put forward i0 


para. 2.6 apply, of course, to the fin an¢ | 
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rudder. On small high powered aircraft, 
when airscrew destabilising effect makes the 
attainment of a high degree of rudder fixed 
stability difficult, it is attractive to give the 
rudder a positive b,, by use of a horn or 
other means (e.g., overbalanced control with 
anti-balance tab), thereby. increasing the 
rudder free stability, and so increasing the 
pedal loads needed to generate a given angle 
of sideslip; this may be very desirable at high 
airspeeds in order to prevent excessively 
large sideslip angles, dangerous from the 
structural viewpoint, being developed with 
undue ease. 


DORSAL E XTENSION 
FIN 


LARGE INCREASE IN ANGLE 
OF SIDESLIP NEEDEO TO | 
STALL THE FIN. 


WITH DORSAL 
EXTENSION 


YAwING MOMENT 
COEFFICIENT 
RUDDER FIXED. 


WiTHOUT DORSAL 
EXTENSION 


SMALL INCREASE IN 
STABILITY FOR MODERATE 
ANGLES OF SIDESLIP 


ANGLE OF SIDESLIP 
Fig. 1] 


Diagram illustrating influence of a dorsal fin on 
weathercock stability. 


A word of caution must be put in here. 
Ifa positive b, is used in conjunction with a 
very small negative b,, a combination easily 
obtained with a horn balanced rudder fitted 
with a geared tab to reduce b,, there is a 
possibility of the aeroplane developing an 
wdamped short period oscillation in which 
tapid movement of the rudder from side to 
side plays an essential part—the tail wagging 
the dog. Such an oscillation is known as 


“ snaking.’’ Once it develops it is usually 
uncontrollable by the pilot, who must reduce 
speed until it stops; if speed is increased it 
gets rapidly more violent and can result in 
structural failure. 

The theory of this is fairly well established. 
The cure lies in reducing the value of the 
positive b,—it can be shown mathematically 
that making b, zero or negative is a fairly 
complete safeguard against ‘‘ snaking ’’ pro- 
vided the rudder is statically mass: balanced. 
The easiest way of quickly reducing the 
positive 6,, should this trouble be en- 
countered on a prototype, is by attaching a 
length of cord at the trailing edge of the 
rudder on each side, over a portion of the 
rudder span. Cord about 3/16 inch diameter 
is commonly used, and the development 
engineer would start with about a foot of 
cord on each side and then work up to larger 
lengths by trial and error until the trouble 
was cured. 


4. The Very Large Aircraft 


The topic of how to control adequately 
aeroplanes weighing 250,000 Ib. and upwards 
is rapidly passing from the realm of specu- 
lation and becoming one of fairly urgent 
practical moment. 
here to discuss, even in outline, the stability 
and control problems likely to arise on such 
very large aircraft; a complete lecture could 
be written on this theme. We would like, 
however, to touch briefly on the control 
balance problem. 

We have seen that when aeroplanes are 
being produced in quantity it is not practic- 
able from ‘“‘ repeatability ’’ considerations 
to work to a —Kb, smaller than 0.05 with 
conventional balancing methods. In the case 
of very large aircraft, produced possibly in 
more limited numbers, this figure may come 
down to say 0.03. Now assume that the 
relative sizes of the controls of the big aero- 
plane are not vastly different from those to 
which we are accustomed. Taking a wing 
loading of 45 lb./sq. ft. and our aileron 
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design case as + 20° aileron at 150 m.p.h. 
for a wheel load of 50 lb., to meet this on a 
250,000 lb. machine would demand a — Kb, 
of less than 0.01. Conventional balancing 
methods could not cope with the problem of 
holding consistently such a fine degree of 
balance. 

It was pointed out, when dealing with 
repeatability ’’ in para. 2.8, that two 
solutions are open to us, namely, 


(1) Power operation. 

(ii) The spring tab. 

For the very large aircraft under dis- 
cussion, however, the spring tab no longer 
comes into the picture. On running out 
practicable design estimates, it will be found 
that the spring rate required is so small that 
the spring has virtually disappeared, leaving 
us with a type of servo tab system, i.e., a 
system in which the control is free to float, 
and the pilot’s cockpit control merely oper- 
ates the tab. Thus our two solutions for the 
very large aircraft become:— 

(i) Power operation. 

(ii) Servo tab. 

At present opinion strongly favours power 
operation. The authors would, however, like 
to put in a plea that the alternative solution 
of manually controlled servo tabs should not 
be completely overlooked. On paper pure 
servo tabs should be capable of dealing 
satisfactorily with the control force problem 
on all three controls up to an all-up weight 
of at least 500,000 lb. The argument of lag 
in response with a servo tab system is some- 
times raised, but technically it is difficult to 
demonstrate that any serious lag would arise 
provided the tabs were effective for small 
movements. The major objection to the 
servo tab is weight. In order to safeguard 
against flutter both tab and control surface 
must be mass balanced. This involves an 
appreciable weight penalty compared with a 
power operation scheme. Against this, how- 


ever, must be placed the advantages of 
Looked at from 


simplicity and reliability. 


464 


CONTROL SURFACE DESIGN 


all angles it would seem reasonable to cop. | 
sider the pure servo tab system as a possibly | 
successful rival to power operation. 


PART II | 
THEORY AND EXPERIMENT 


5. Introduction 


Although control design is still far from 
being straightforward it is not quite such the 
hit or miss affair it was, and much advance 
has been made in the methods of estimating 
of control characteristics, and in the under. 
standing of the principal phenomena con. 
nected with controls. The accumulation oj 
experimental data from wind tunnel and 
flight tests, although apt to be confusing a 
times, has helped considerably in the formu- 
lating of a general correlating theory. 


Two phenomena stand out from the ex. 

perimental data:— 

(1) Any increase in boundary layer thick- 
ness from whatever cause has only a 
small effect on the control properties 

the control is thin ot 
But convex or thick section 
controls are often greatly affected by 
comparatively small changes in boun- 
dary layer thickness. 

Small modifications at the 
edge, particularly the adding of trail- 


when section 


concave. 


(2) trailing 
ing edge strips or rounding of a thick 
trailing edge have very large effects 
on control balance, associated with 
changes in circulation for given inc- 


dence and control angle. 


In what follows we shall attempt to pre- 
sent in a collected form the advances made 
in the theory of control design. The develop- 
ment of the theory is traced; semi-empirical 
analyses of the wind tunnel data are al: 
presented, since until a more complete theory 
is developed the aircraft designer must rely 
on such methods for estimations. 
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§. The Lift and Hinge Moments of a Con- 
trol Surface (Linear)—General Theory 


We shall first treat the case involving small 
angles of incidence and control deflection; 
under these conditions the hinge moments 
can be taken as linear. The earliest attempt 
at calculating the lift and the hinge moments 
on an aerofoil with a hinged flap was made 
by Glauert and described in R. and M. 1095. 
Glauert’s method consisted of regarding the 
aerofoil as being of small thickness and, 
therefore, replaceable by its skeleton—a 
straight line. Replacing the co-ordinate x by 
such that 

(1—cos 6) 
The vorticity distribution over the aerofoil is 
defined by 
k=2V { A, cot 36+ 5 A, sin n6 } 
1 

Where the first term refers to the undis- 
turbed straight line and the Fourier series 
takes account of the deviation from the un- 
disturbed state due to the control deflection. 

The coefficients of the Fourier series are 
next identified using the geometrical relation- 
ships appropriate to the system. Having 
thus expressed a vorticity distribution in 
terms of the incidence and contro] angle, it 
is possible to derive expressions for the total 
lift, the lift on the control and the moment 
of the control about its own hinge. Detailed 
calculations are given in Appendix I. The 
main drawbacks to Glauert’s theory are:— 

1. It does not take cognisance of the 

boundary layer. 

2. No account is taken of the finite thick- 

ness of the aerofoil. 


The theoretical values of the invariants 
with aspect ratio b,/a, and b,—b,a,/a, are 
plotted against EK in Fig. 12. The experi- 
mental results for the N.A.C.A. 0009 aero- 
foil are given for comparison. 

In recent years the need for a_ theory 
which overcomes both these shortcomings 
has been emphasised by the results obtained 
in experimental work on the convexing and 
hollow grinding of control surfaces, and on 


the effects of small modifications to the trail- 
ing edge, e.g., adding of trailing edge strips, 
and changes of transition point. Such 
modifications produce somewhat startling 
changes, especially in the hinge moments 
of the controls tested. These exploratory 
experiments on the effects of modifications 
of control profile are described in Refs. 4, 
5, 6, 7, 8, 9. The results of the experiments 
can be summarised broadly thus:—. 
Thickening the control section (e.g., 
convex section) makes hb, and b, more 
positive and is invariably responsible 
for a falling off of a, and a,; conversely, 
modifications which increase control 
heaviness, i.e., make b, and b, more 
negative, increase a, and ay. 


Fig. 12 
Comparison of thin aerofoil theory and experi- 
mental results on N.A.C.A. 0009 aerofoil section. 


Recently a step forward has been taken 
by Dr. Preston, of the N.P.L., as described 
in A.R.C. Report No. 6,732. The problem 
treated in this paper is the approximate cal- 
culation of the lift of symmetrical aerofoils 
taking into account the boundary layer. 
The connection and application of this to 
control problems is self evident. 

Model experiments, Refs. 10, 11 (see Fig. 
13), have demonstrated that the large effects 
of boundary layers on control moments are 
associated with changes in circulation round 
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the aerofoil and so any theory which will 
enable us to understand the properties of 
control surfaces must first aim at the calcula- 
tion of these changes of circulation. Preston 
uses a theorem first put forward by Prof. 
G. I. Taylor as a basis of his calculations. 
This theorem states that equal positive and 
negative amounts of vorticity must pass into 
the wake at the trailing edge in the steady 


state. A proof of this theorem will be found 
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Preston is that the velocity field near the 
edge of a boundary layer is approximately 


that of potential flow round the aerofoj] | 


without boundary layer effects. Empirical 
corrections to these approximations are later 
introduced. 

Calculations making no allowance for the 
effect of boundary layer and wake on the 
external potential flow, using Howarth’s 
conditions for fixing the circulation, show 


20% Flap 


Circulation 


© 40% Flap 


in Appendix II. It can be easily shown that 
to a first approximation this condition is ful- 
filled when the velocities at the edges of the 
upper and lower boundary layers at the trail- 
ing edge are equal. Owing to the pressure 
rise from the edge of the wake to the trailing 
edge on two sides being different, and since 
there can be no discontinuity of pressure 
in the wake, the velocities generally differ 
slightly. Another assumption made by 
466 
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Fig. 13 


as a function of t/c for various flap, chord ratios. 


that the effect of the boundary layer and 
wake on the external potential ‘flow at the 
edge of the boundary layer is important. 
Two empirical corrections are, therefore, 
introduced. The first consists of a correla- 
tion of the discrepancy between the cal- 
culated velocities and the experimentally 
determined velocities at the edge of the 
boundary layer at the trailing edge of the 
aerofoil, with the boundary layer thickness 
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at the trailing edge. This simple form is 
unsuccessful in bringing the theory into line 
with experiment at various incidences. The 
correction is, therefore, re-arranged and split 
into two parts. The first, strictly applicable 


at 0°, is 


1.433 


applied to both sides of the trailing edge 
and at all incidences. (4/c),, being the mean 
/c for the two sides of the trailing edge. 
The second correction which is dependent 
on aerofoil shape is given by 
h? 
= 0.0080 2°. 

This tends to reduce the value of A whilst 
the first does not affect the value of A, but 
improves the estimation of the velocities at 
the edge of the boundary layer at the trail- 
ing edge; the correction, therefore, gives 
what is required because the effects of wires, 
cords, etc., are already amply accounted for 
in calculations with the basic assumptions. 
Whilst the first correction appears plausible, 
the second can at the moment only be justi- 
fied by results. The second empirical allow- 
ance for the effects of the boundary and 
wake on the velocities consists of using the 
experimentally determined value of the ratio 
of the velocities at the upper and lower edges 
of the boundary layer to fix the circulation. 
The best agreement with experiment is ob- 
tained with the last mentioned approxima- 
tion. This theoretical investigation gives us 
an insight into the results of the experiments 
mentioned above. The hinge moments are 
critically dependent on the circulation, which 
ia turn we have seen is mainly determined 
by the velocities at the edge of the boundary 
layer at the trailing edge. Thus, anything 
which modifies these velocities in an unequal 
manner will result in the change of circula- 
tion until the conditions of Prof. G. I. 
Taylor’s theorem are fulfilled, that is, until 
equal positive and negative vorticity pass 
into the wake. Changes of the control pro- 


file, trailing edge strips or cords, bluff trail- 
ing edges, all result in such changes of 
velocities. Consider, for example, the case 
of trailing edge strips. The general effect 
might be expected to result in an increase in 
velocity along a normal to the streamlines 
at the trailing edge, the velocity becoming 
larger as the strip is approached, and vanish- 
ing at infinity. However, the upper boun- 
dary layer is thicker than the lower, so the 
addition of trailing edge strips produces a 
larger increment of velocity at the edge of 
the lower boundary layer and this in turn 
necessitates an increase in circulation to 
maintain the original ratio of the squares of 
the velocities at the upper and lower edges 
of the boundary layer. The theory, there- 
fore, offers a qualitative explanation of the 
observed facts, but Preston has shown that 
the quantitative results of the theory are in 
poor agreement with experiment. This is 
probably because the separation of the flow 
downstream of the strip and the velocities in 
the boundary layer near the strip have 
important consequences. 

The important effects of transition move- 
ments are well illustrated on the lines of 
the calculations. The effects are very pro- 
nounced for the thicker aerofoils. ‘ 

Having determined the value of the cir- 
culation and hence the ratio of a, to a,,, 
Preston attempted to relate the ratios a/a,, 
and b,/b,,. In Fig. 14 (taken from Ref. 3) 
a single curve is drawn through the points, 
but it is now considered that this is too dras- 
tic a simplification as the results may, for 
different transition conditions and Reynolds 
numbers, separate into different curves for 
different sections. The analysis does not 
cover the case of the rate of change of hinge 
moment with control angle. It is hoped that 
it may soon be possible to develop a theory 
which will enable the hinge moment to be 
expressed in a more generalised form, in- 
dicating the nature of the variation of the 
hinge moment with the leading parameters 
(chord ratio, trailing edge angle or an 
equivalent parameter, balance, etc.). 
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b, (b,)5 as a function of @,/(4,), for various flap/chord ratios and different aerofoils. 
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Fig: 15 
(a) Chart for estimating aerofoil lift curve slope. 
(b) Normal relationship between section thickness and T.E. angle. 

(c) Reduction in aerofoil lift curve slope due to full span control gap. 

METHOD OF ESTIMATION. 
The line A.B.C.D. indicates the method used for estimating a,. The aerofoil used in this 
example has:—(A) T.E. angle=14.7°, (C) aspect ratio=6, (D) taper ratio=1.5, giving 
=O0Te Cf”. If the aerofoil had a control gap > 0.C025 « at 0.50 of the wing chord, 
the a) would be reduced by 20% and therefore 4, would be 0.0655. 


CHART FOR ESTIMATING THE AEROFOIL LIFT SLOPE, dC, /da PER DECREE. 


( a ) 
| | | 

| 

469 


CONTROL SURFACE DESIGN 


Q 
TRAILING EDGE ANGLE 5° 
TRAILING E0GE ANGLE [5° 
TRAILING EDGE ANGLE 25° , 
0-6} — 7 if 
a.) 
O4f t 
CONCENTRIC NOSED CONTROL.SEALED GA, 
oe + + 2 
CONTROL CHORDS 
SECTION CHORD C 
| 


a 
VARIATION OF i WITH CONTROL CHORD & TRAILING E0GE ANGLE. FOR FULL SPAN CONTROLS 


a 
FRACTIONAL CHANGE IN g* QUE TO BALANCE & GAP 


3\e 
wie 
b 
SEALED GAP 
4 
--- UNSEALED 
[qaP>ooo¢e] AEROFOIL TAPER RATIO 
i-0 
/ 
in) BLUNT NOSE xx 
LUN N s hes 
| 2:0. 
ALL NOSES 40 
, + 4 \e 
L- | 
\ § | 
ROUND NOSE | 
| 1 
SHARP N MOSPANWISE LIMITS OF CONTROL 
RP NOSE | *B ROOT 
€ 
20 40 0:2 OF 0-8 
° AREA IN FRONT OF HINGE 
JO BALANCE. = BEHIND HINGE 
Fig. 16. 


(a) Variation of a,/a, with control chord and trailing edge angle for full span 
unbalanced controls. 
(b) Change in a,/a, due to full span balance. 
(c) Factor for determining @,/a, for a part span control. 
For method of estimating a,/a, for various contro's see Ref. 12. 
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7. Control Power 

The most satisfactory summary of existing 
theoretical and experimental results on con- 
trol power is that of Ref. 12. 

The main results are given in Figs. 15, 
16, 17. It is seen that the factors mainly 
affecting the control power and a,/a, are 

1. The chord ratio. 
2. The spanwise limits of the control. 
3. The trailing edge angle. 

The theory underlying the curves for the 
rolling moment due to aileron is to be found 
in Ref. 13. 

It is important to note that when tabs are 
fitted due allowance should be made for the 
loss of lift incurred by deflection of the tab 
in the opposite sense to the control, that is, 
a,/a, Must be replaced by a, —ka,/a, where 
k is the tab gearing. 

The theory of the response of an aeroplane 
to aileron application has been treated by 
Gandy in Reference 31, with particular re- 
ference to the effect of variation of n, and 
|... An outline of his theory will be found 
in Appendix VI, and a few curves from 
Reference 31 are reproduced in Fig. 18. 


8. Control Balance 
8.1. 
Nothing has so far been said about the 

control balance. The high degree of 

manceuvrability expected from present day 
aircraft often necessitates very close balance. 

It is in attempting to adjust and maintain 

such close balance that many of the diffi- 

culties of control design are encountered. 

Some progress in methods of estimation of 

the balance effect of the most commonly used 

types has been made. We will separate the 

balance effect from the remainder of the 

hinge moment, and express the hinge 

moment of the balanced control in the form 
H=H,+AH 

where H is the hinge moment of the balanced 

control, H, is the hinge moment of the un- 

balanced control, and AH is the increment 
in hinge moment due to the balance. 


General 
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T 
Fig. 18. 
Aeroplane A. ©, =0.2. 
Rate of roll due to applied rolling couple. 
Max. rolling couple reached in time, ==0.5. 


Assuming the linearity of the hinge 
moments, this leads us to the conception of 


increments in the hinge moment slope. 


8.2. Set Back Hinge Balance 

In a work Thomas and _ Lofts 
have treated this form of balance by 
an extended form of the Glauert theory 
for thin aerofoils. (See Appendix 3.) 
A study of pressure plottings for noses 
of different shapes enable some allowances 
to be made for nose shape, as it was noted 
that, in general, the pressure peak occurs at 
the maximum ordinate of the nose section.” 
Thus insofar as the nose shape determines 
the position of this maximum ordinate and 
hence the position of the pressure peak, it is 


recent 


* This result may not be generally true and needs 
confirmation by further experiment. 
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Theoretical variation of Ab,t with E and A, 


possible to account for its effect on the hinge 


moments theoretically by breaking the aero- 
fol at this point and not at the hinge. 
Differences of nose shape which result in 
differences of the maximum pressure cannot 
be allowed for. Experimental and_theo- 
retical work such as are outlined in the pre- 
ceding paragraphs suggest that correlation 
of such a theory with experiment should 
prove easier than for hinge moments of plain 
controls, 

In its usual form the percentage balance 
of this type of control is defined as the area 
forward of the hinge over the aft of hinge. 


If this geometrical definition is strictly ad- 
hered to the plain round nosed contro] has 
a certain amount of balance depending upon 
the thickness of the aerofoil section and 
the chord of the control. Since the nose of 
a plain control is normally semi-circular it 
is usual to assume that its contribution to 
the hinge moment is nil, since the pressures 
pass through the hinge. The usual defini- 
tion of balance can be replaced by what 
might be termed the “ effective balance, 
defined by 
=' { (e,/c,)? — (t/c,)? } 3 

in two dimensional flow. 
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POSITION MAXIMUM PRESSURE, AL 
Fig. 20. 


Theoretical variation of Apt with ’ and 


It is seen that as the plain round-nosed 
control is approached the balance tends to 
zero. This definition would be expected to 
assist us in accounting for the effect of thick- 
ness. The theoretical values of the incre- 
ments b, and b, (see Figs. 19-21) agree fairly 
well with experiment for the thin sections. 
Analysis of the experimental data on thicker 
controls enable corrections for the effects of 
thickness to be introduced. 

The corrections can be expressed approxi- 
mately in the form 


Ab, 
—— =(1—4.9 7?) 
Abit ( 
all nose shapes and 
Ab, 
—- =(1—107° 
(1-10 7) 
for circular nose shape 
=(1—4.3 7°) 


for elliptic nose shape. 

The suffix t refers to the theoretical value, 
and = is the trailing edge angle (radians). 

It is seen that for a small trailing edge 
angle (10°) the experimental value of Ab, 
is 85 per cent. of the theoretical, whilst the 
corresponding figures for Ab, for the two 
nose shapes are 95 and 87 per cent. respec- 
tively. The agreement of theory and ex- 
periment is therefore good for thin sections. 

Similar empirical corrections are obtained 
for the effect of nose gap. In general un- 
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sealing the nose gap increases Ab, and Ab,; 
for z of about 10° the effect is small. When 
a general theory has been developed for the 
plain control it should prove a simple matter 
to extend this to cover set back balanced 
controls. 


8.3. Horn Balance 


Unlike the set back, the horn balance js 
not readily amenable to theoretical treat. 
ment. Concentrated as it is at the tip and 
therefore operating in complex flow cond- 
tions, it is unlikely that any simplified 
theoretical attack will prove successful, 
In a recent note Thomas and Lofts (14) 
have derived semi-empirical relationships 
for the increments b, and b, due to both the 
shielded and unshielded type of horn. An 
interesting point brought out by this ana. 
lysis of the model data is the transition from 
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Fig. 

Increment in b, due to horn 
the shielded to the unshielded. As the chord 
of the horn balance is successively increased, 
the hinge moment contribution increases 
gradually at first and then when the nose 
of the balance is at approximately three 
quarters of the distance of the chord from 
the trailing edge there is a sudden increase 
in the balance contribution. Another in- 
teresting point is that the contribution due 
to sloping or partly shielded horns can be 
regarded as the sum of the increment due to 
the shielded and unshielded parts of which 


0-5 0-6 
t 
AB? (7-5- 33 
22 
balance. 


0-4 


Unshielded horns. 

it is composed. The expressions derived for 
the increments b, and b, can be expressed 
mathematically as 


Ab, = AB? (7.5 — 33.3 t/c)) unshielded horns 
Ab, = AB? (6.5 — 30.7 t/c)j (see Figs. 22, 23). 
Ab, = AB? (4.86 —19.4 t/c) 
for round and elliptic noses 
Ab, = AB? (ex? —1) (8.79—17.9 t/c) 
elliptic nose 

= 1.286 AB? (e** — 1) (3.79 -17.9 t/c) 
round nose 


* shielded horns. 


0-4 
| 
| 
Bo 
04 
035) 
20 | 
03 | 
and #. 
5 


CONTROL SURFACE DESIGN 


q 
6 
> 
Ab, -AB2 (65-30-76) 
4 
® 
oO 
“Yr 
ve 
4 
Oo 
+ 
0-1 0-2 03 0-4 0-5 : 0-6 0:7 
A.B? (6-5 - 30-72) 
Fig. 23. 


Increment fn 6, due to horn balance. Unshielded horns. 


It is seen by substitution that for an longer distinguishes between an_ incidence 
average thickness of the order of 10 per cent. and a contro] angle change. 
the increment in b, is some 25 per cent. Horn balance has often been successfully 
greater than the increment in b,. This well- used in this country and has some advan- 
known property of the unshielded horn is tages over other types of balance, these 
due to its location at the tip in the up-wash are:— 
due to the tip vortices. There is some ex- 1. It is possible with a horn to obtain a 
perimental evidence that shows that by zero or positive b,. 
shielding the tip from the rest of the main 2. It is relatively simple to modify the 
surface, it is possible to make the increments horn if the characteristics of the con- 
equal. This is so because the horn no trol are not satisfactory. 
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8.4. Westland-Irving Balance 

This form of balance is a particular case 
of an internal balance in which the balance 
is provided by the difference in pressures at 
vents in the upper and lower surfaces of the 
aerofoil. In the Westland-Irving balance 
the vents are at the hinge line. Knowing 
the pressure distribution around the aerofoil 
with control neutral and deflected, it is 
possible to calculate the balance required (see 
the case of the generalised sealed balance, 
paragraph 8.5). 

The increments in b, and b, for this type 
type of balance will depend mainly on the 
following parameters :— 

(1) Effective balance 

=v { — (t/¢n)? } 
c.f., set back balance. 

(2) Chord ratio or more strictly the posi- 

tion of the vent. 

In practice the nose gap may be sealed 
or unsealed. Unsealing reduces the effec- 
tiveness of the balarice. Alterations in the 
vent size or cover plate alignment modify 
the hinge moment curves. 

The advantages of this type of balance 
are—smaller drag, greater effectiveness if 
sealed, and balance over a fairly wide range 
of incidence and control angle. Against 
these there are the practical disadvantages 
of making an effective seal and avoiding 
alteration of balance by manufacturing 
errors in the vent size and cover plate align- 
ment. The two later disadvantages can be 
overcome by combining this form of balance 
with a spring tab. 

8.5. Generalised Sealed Balance 


The form of balance described in the pre- 
ceding paragraph is a particular applica- 
tion of the theoretical notion that b,, b, and 
b, can be completely controlled by balancing 
the control by means of pressures taken 
from suitable points on the fixed surface. 
This viewpoint finds a strong advocate in 
Prof. G. T. R. Hill. In practice the 


balance mechanism can take various forms, 
for example, the balance surface may be 


a hinged plate or a piston; it may be 
separate from the control and, if the. 
ducting problem can be solved, from the 
vents; it can be linked either to the main 
control or to a tab. The practical problems 
associated with this type of balance will be 
discussed later. The possibilities of the 
balance can, however, be simply stated if 
two vents only are considered, one on the 
upper and one on the lower surface of the 
aerofoil, because the maximum _ pressure 
difference is obviously obtained by having 
them on opposite surfaces. The suction c 
on the upper surface at any point x may be 
written as 

where « is the incidence, 7 is the control 
angle, and o,, o., o, are functions of x. 
Similarly for the pressure p on the lower sur- 
face at another point y. 

P=Pot Pa-%+Py- 1 
where po, Pa, p, are functions of y. It is 
usual to express o and p as fractions of 
dynamic pressure. 


Case 1. The Balance Surface Connected to 
the Main Control 

Here the increment in hinge moment is of 
the form 

A! Po) + (Fat Pa) (Fn + Pa) 1] 
where ’ depends on the geometry of the 
system. Hence 

(oo+ Po) =Ab, 
+ Pa) =Ab, 
N (oy +P») = Ab, 

Similar relationships can be easily ob- 
tained for the case where the balance surface 
is connected to a tab whose hinge moment 
coefficient for moments about the tab hinge 
ls 

These are 

Po) — Co] = Ab, 
(7a +Pa) —¢,]=Ab, 
(b3/Cs) + Pn) — C2 |]=Abd, 

An advantage of using a tab is the reduc- 
tion in the size of the balancing mechanism. 
It has the following disadvantages:— 
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1. Critical dependence on tab hinge 
moment, about which little is known. 
2. Tricky linkage design. 

Given the pressure distribution around the 
aerofoil the above equations determine the 
increments in b,, b, and b, for any given 
geometry of the balance mechanism. 

The main facts about pressure distribu- 
tion for conventional aerofoils can be sum- 
marised thus:— 

1. oa, Pay Pn» are all positive. 

2. o, and p, increase as x and y increase 
beyond about 0.2c being maximum 
at the hinge. 

3. o and p, increase as x and y decrease, 
values at the nose of the aerofoil 
being critical and involving loss of 
linearity. 

It is interesting to apply this theory to the 
particular form of sealed balance known as 
the Westland-Irving. It is clear from the 
results quoted that Ab, is greatest and Ab, 
least with the vents at the hinge, which is 
of course the case for this particular balance. 
Therefore, with close balance there will be 
a large response factor and loss of stability 
if such a balance is applied to an elevator 
or a rudder. Moving the vents forward in- 
creases the increment in b, and decreases the 
increment in b,. It thus seems possible that 
by the use of a generalised sealed balance 
with forward vents b, can be kept under con- 
trol, although in general it will be necessary 
to reduce b, still further by such means as 
geared or spring tab. 


8.6. Tab Balance 
8.61. Geared Tab 


The balances previously discussed are 
purely aerodynamic balances. It is possible 
to balance a control by gearing a small 
movable rear portion, usually called the tab, 
to the main control, the tab operating in the 
opposite sense to the main control. The 
degree of balance can be varied by means 
of the gearing. The hinge moment of tabs 
about the contro] hinge can be estimated 
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with a fair degree of accuracy by the 
methods of Lyons’ note, Ref. 15. The 5, 
for the control remains practically unaltered, 
the balance being effected by a reduction in 
the effective b, which becomes b, —kb,. 

Balance by means of a geared tab can 
therefore be associated with a large response 
effect, which further increases the effective 
balance in the case of ailerons. There are 
limitations on balance by this means as if 
overdone it produces undesirable stick force 
characteristics. These effects are discussed 
in Ref. 16. 


8.62. Spring Tab 
This has already been discussed in para. 
2.8 of Part I. The general theory of a 
spring tab layout is given briefly in Ap- 
pendix 4. A fairly full account of spring 
tab developments to date will be found in 
Ref. 17. 


8.7. Mechanical Balance 
8.71. Aileron Swinging Weights 


A mechanical scheme for lightening 
ailerons discovered from an examination of 
a captured Ju. 88 is described in Ref. 18. 
Swinging weights in the wings near the wing 
tips are so coupled to the ailerons that the 
centrifugal forces on the weights when the 
aeroplane rolls tends to lessen the pilot's 
effort. Theory indicates that the balancing 
effect of such a device is approximately 
proportional to the cube of the aileron angle, 
and should, therefore, be very effective in 
reducing the stick force for large aileron 
angles. It is easily seen, since the cen- 
trifugal force on the weight is propor- 
tional to p?, where p is the rate of roll, 
that at a given V, the balancing effect in- 
creases markedly with height. This, of 
course, forms the main drawback to the 
scheme. Fig. 24 illustrates the stick force 
aileron angle relationship for such a device. 


8.72. Variable Gearing 


Since the stick force is proportional to the 
gearing of the control to the stick, the stick 
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force characteristics can be varied theo- 
retically between very wide limits provided 
some means of adjustment can be found 
for the gearing. For example, an attractive 


idea is automatically to vary the gearing 

with airspeed in such a manner as to ease 

the pilot’s loads at high airspeeds. 
Although attractive because of its ex- 
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Effect of aileron inertia device on stick 
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treme flexibility, such a variable gearing is 
at a disadvantage compared with the spring 
tab on the score of mechanical complexity. 


8.73. Differential Gearing as a Means 
of Balance 


Some theoretical and flight investigations 
suggest that differential gearing, combined 
with adjustment of aileron floating angle by 
means of a tab, makes a powerful method 
of balancing ailerons. Theoretically it is 
possible to obtain close balance over the 
entire speed range more directly by differen- 
tial balance than by any other means, pro- 
vided the differential and the tab setting are 
nicely adjusted to the natural floating pro- 
perties of the aileron. Thus, if the aileron 
floats up as incidence increases a downward 
differential must be used combined with an 
upward set tab, while if the aileron floats 
down as the incidence increases an upward 
differential must be used combined with a 
down set tab. 


Where differential has been used in the 
past it was restricted to upward differential 
aimed at improving the aileron rolling and 
yawing movements at large displacements 
and large incidence, the aileron being 
balanced mainly by other means; since no 
more than the natural floating angle is 
used, the differential balance at high speed 
is feeble and may be of either sign. Since 
in general an unbalanced aileron has a 
negative b, and can only be given a positive 
b, by aerodynamic balance, the designer 
who decides to balance such an aileron by 
differential is virtually committed to a 
downgoing differential combination with 
an upward set tab. The pros and cons of 
such a scheme can be summarised as 
follows:— 

On the credit side:— 

1. A direct attack on the main objective, 

which is close balance at high speed 
with somewhat coarser balance at 
large displacement at low speed. 
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2. Suppression of troubles arising from — 


non-linearity of hinge moments when 
other forms of balance are used. 

On the debit side:— 

1. Some loss of rolling moment and in. 
crease in adverse yawing moment, 


2. Increases in the load in the control | 


system due to the tab. 
The theory is given in Appendix 5. 


8.74. Aerodynamic Booster 


Another form of mechanical balance, 
which has not received much detailed con- 
sideration, consists of feeding into the 
control circuit by a cylinder and cam 
mechanism force proportional to the dynamic 
pressure and to the control angle. In 
theory, there is a large choice of the degree 
of balance obtainable. 


9. The Linearity of Hinge Moment Curves 


It has been tacitly assumed above, at any 
rate in the theory, that the variation of the 
hinge moment of a con.7ol with incidence 
and control angle is linear. It is well known 
that such linearity often exists only over a 
limited range of control angle. Preliminary 
examination of wind tunnel data indicates 
that a main factor determining the degree 
of the non-linearity is the trailing edge angle; 
other parameters affecting the shape of the 
hinge moment curve are:— 

The chord ratio of the control. 
Size of the nose gap. 
The nature of the balance. 


Some idea of how the last mentioned 
affects the shape of the hinge moment curve 
of the balanced control can be obtained from 
Fig. 25 abstracted from Ref. 14. Figs. 26, 
27 provide an excellent illustration of the 
relation between the curvature of the hinge 
moment curve and the magnitude of the 
trailing edge angle. An increase in the chord 
ratio of the control affects the curvature of 
the hinge moment curve; this is illustrated 
in Figs. 26, 27. Generally the effect of nose 
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Fig, 25. 


Increment in C,, of rudder due to adding horn balance. 
Unshielded horn. 


gap is to cause an earlier breakdown of the 
flow and to increase the curvature of the 
hinge moment curve. From the figures 
mentioned above it follows that the effect of 
the curvature can put the theory in serious 
etror at control angles above 10° even at 
small or moderate trailing edge angles; in 
such a case the hinge moment at 10° control 
angle is some 30 per cent. larger than that 
estimated on the linear basis. It is, there- 
fore, desirable that some method should be 
developed for the estimation of hinge 
moments at large incidence and control 
angles, and that attention should be given 


to devices designed to defeat the bad effects 
associated with non-linearity of the hinge 
moment curves. 


10. Aspect Ratio Corrections 


In the preceding paragraphs we have 
mainly been interested in the control in two- 
dimensional flow. In order to apply 
these results to aeroplane design it is neces- 
sary to correct for the effect of aspect ratio. 
The simplest and most easily derived cor- 
rection is that of the lifting line theory; on 
the basis of this theory it can be readily 
established that the following quantities are 
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independent of aspect ratio, a,/a,, b,/a,, 
b,—b, .(a,/a,). This simplified treatment is 
probably satisfactory for a full span control 
such as we have in general in the case of 
elevator and rudder, but not for part span 
controls such as ailerons. 

The lifting line theory assumes that the 
downwash is constant along the chord, or, 
in other words, that the chordwise distribu- 
tion of resultant pressure at a section of a 
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wing of finite aspect ratio corresponds to 
that of two dimensional flow for a lower 
incidence. The distribution of downwash 
varies along the chord and it follows that 
the quantities mentioned above in fact vary 
slightly with aspect ratio. This has very 
little effect om the total lift, but for smal] 
aspect ratios introduces errors in the hinge 
moments. 

It is possible that lifting-surface theory, 
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or empirical corrections to the lifting-line 
theory, will provide methods by which hinge 
moments in three dimensional flow and for 
small aspect ratios can be determined. 


11. Compressibility Corrections 
The speeds of some modern aircraft are 
well within the compressibility region, and 
in the aerodynamic and structural design of 
control surfaces due allowance must be 
made for the effect of compressibility on the 
aerodynamic characteristics. The general 
theory of compressible flow is well known 
and established, and can be summarised in 
the Glauert Law. 
Po=Pi/ (1— M?) 
or the more exact law of Von Karman 

M 
The lift and hinge moment coefficients are, 
therefore, in two dimensions increased in 
the ratio 1// (1—M*) on Glauert’s theory. 
In application to design it is important 
to allow for the effect of aspect ratio; the 
theory as developed by Glauert has been 
modified by Young and Owen (19) to ac- 
count for this effect. The results can be 
summarised in the following formule for 
the first order effect of compressibility. 


(l+a,,/7A) 
= 

| 


It has been shown in Ref. 20 that the 
downwash for compressible as well as in- 
compressible flow is given by the equation: 


This, together with the usual assumption 
that in terms of the local effective incidence 
(x,,) conditions at any point along the wing 
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are two-dimensional, forms the basis of the 
analysis. The results quoted above follow 
quite readily. Details of the calculation 
are given in Refs. 19, 20. The particular | 
case of ailerons is considered in Ref. 21 and | 
it is shown there that in general any refine. | 
ments to the simple two-dimensional theory 
will probably be unnecessary. Insufficient 
experimental data are available to test the 
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theory fully. Such data as there are seem 
to indicate that the theoretical corrections 
are in reasonable agreement with experiment 
for sealed controls below the shock stall. 
Unsealing the gap greatly modifies the con- 
trol characteristics so that the agreement is 
no longer as good. 


12. Summary of the Theoretical and Expen- | 
mental Data Useful for Design 
Collections of data, theoretical and ex 
perimental, which will prove useful in the 
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general design of control surfaces are 
described below. 


12.1. Control Lift 


An extremely useful collection of data on 
the lift generated by a control is to be found 
in Naylor and Lyons’ Note, Ref. 12. The 
main curves for use in estimation of the co- 
efficients a,, a, and a, are reproduced here 


as Figs. 15, 16, 17. 
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No entirely satisfactory method of estima- 
tion is in existence for the hinge moments 
of plain controls, although a good deal of 
experimental information of a rather mixed 
character is in existence. 
hinge moment data on plain controls is con- 
tained in a paper by Bryant, Ref. 22. The 
curves he obtained demonstrate certain 
general trends, viz., that b, and b, both 


12.2. Hinge Moments of Plain Controls 


An analysis of 
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NOTE:—The coefficients apply to flat sided controls with radius-nose, sharp trailing edge, 
and transition of aerofoil far forward. 
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become increasingly positive with increase Later attempts are not yet published 
of trailing edge angle; also that b, becomes because of their incomplete nature. Ore | 
more positive with decrease of chord ratio, difficulty is distinguishing between tre | 
whilst b, is less sensitive to change of chord scale effect and the effects of transition | 


ratio (see Figs. 28, 29). movement. 
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12.3. Upfloating Moment 

b,, the upfloating moment is a function 
mainly of the camber of the section. Thin 
aerofoil theory can be used to estimate this 
quantity, but usually gives an overestimate. 


12.4. Control Balance 


In general the effects of control balance 
have been expressed in the form of incre- 
ments Ab, and Ab,; this is convenient for 
design purposes. Analyses to date cover 
the following types of balance:— 

1. Westland-Irving. 
2. Set Back Hinge Balance. 
3. Horn Balance. 


The analysis of the first type of balance 
is not yet complete and so no results can be 
quoted. 

The second type of balance has been dealt 
with in some recent unpublished work (see 
para. 8.2). 

The curves necessary for the estimation 
of Ab,, and Ab,, are shown in Figs. 19-21. 
For a sealed control the balance decreases 
with increase in trailing edge angle accord- 
ing to the corrections 
Ab, =Ab,, (1—4.9 7?) 
all nose shapes and 
Ab, =Ab,, (1—10 7°) 
for circular nose shape 

=Ab,, (1—4.3 7?) 
for elliptic nose shape. 

The effect of unsealing the nose gap is, 
in general, to restore part of this loss, 
usually at the expense of an earlier stall. 

The effect of horn balance can be sum- 
marised in the following expressions:— 

For unshielded horns 
Ab, = AB? (7.5 — 33.3 t/c) (see Figs. 22, 23). 
Ab, = AB? (6.5 — 30.7 t/c) 

For shielded horns 
Ab, = AB? (e**— 1) (4.36—19.4 t/c) 


for round and elliptic noses. 
Ab, = AB? (e*? — 1) (3.78—17.9 t/c) 
elliptic nose. 

= 1.29 AB? —1) (3.78—17.9 t/c) 


round nose. 


12.5. Tab Hinge Moments 
(i) About the Control Hinge 
Assuming linearity we have:— 
The estimation of the quantity b, is 
covered by Lyons in his analysis of Ref. 15. 
Generally the tab may be assumed to remain 
effective up to 15° deflection. It can be 
shown that b, OC s;,/s, and that increase in 
tab span is therefore more effective in in- 
creasing b, than increase of tab chord. (See 
Figs. 30, 31.) 


(ii) About its Own Hinge 


The hinge moment of the tab about its 
own hinge can be expressed as 
Cyt=Cot+ 
The estimation of the quantities c,, c,, 
Cc, and c, is very unreliable. c, is the most 
important, and usually c, and c, are suffi- 
ciently small to be neglected. Rough ex- 
pressions for the tab hinge moments (Ref. 
17) are 
(5 c) 
(unbalanced tab). 
c,= — (5¢,/c) (1—X/48) 
balanced tab with blunt nose. 
c,= —(5¢,/c) (1— X/60) 
balanced tab with sharp nose, 


area ahead of hinge 
where X= 


area aft of hinge 


12.6. General 


This summarises the data so far collected 
together in a form convenient for design use. 
It may be emphasised here that a great deal 
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remains to be done before control design is 
a matter of calculation rather than one of 
experience and experiment; we are still a 
long way from a full understanding of the 
phenomena associated with control lift and 
hinge moments. 
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* Read off curve A in Fig. 30 for all gaps sealed. 
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NoTaTION 
Para. 6 
z, y= the co-ordinates of points on the 
aerofoil with the system of axes 
shown in the figure of Appendix 
I. 
V= the stream velocity. 
C,,= the hinge moment of the control 
=b,+b,2+ 
C,= the lift coefficient of the aerofoil 
=A, +4,%4+ 
K= the ratio of the actual circulation 
to the Joukowski value. 
hand U are as defined in Appendix II. 
$= the thickness of the boundary 
layer. 
c= the aerofoil chord. 
The suffix T denotes the theoretical value 
of the coefficient. 
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Para. 8.2 


S,= the area of the forward balance. 


c,= the chord of the forward balance | 


(mean). 

S, = the area of the control aft of hinge, 

C,= the mean chord of the control af 
of hinge. 

2t= the mean thickness of the aerofoi] 
at the hinge. 


Para. 8.3 
A= the aspect ratio of the hom 
balance. 


t/c= the mean thickness chord ratio over 
the horn span. 


Para. 8.4 
E= the chord ratio of the control. 


Para. 8.5 


o= the suction at any point 2 of the 
upper surface of the aerofoil. 
p= the pressure at any point y of the 
lower surface of the aerofoil. 
aandy are measured along the chord line 
of the aerofoil. 


Fara. 11 


pe= the pressure at any point of the 
aerofoil (compressible flow). 

p,= the pressure at any point of the 
aerofoil (incompressible flow). 

M = the ratio of the velocity to that of 
sound. 

Capitals are used for the purpose of 
differentiating between compressible and 
incompressible flow conditions. 

Suffix o denotes two dimensional values. 

1/8 the factor 1/7 (1—M?). 


Para. 12.5 


8,= the span of the tab. 
8,= the span of the control surface. 
c,= the mean chord of the tab. 


| 
| 
B, For co 
B, For va 
oe pe 
| 
| | | 
ab 
| 
in 
ih 
m 
| A 
| | cle 
| 
| 
se’ 
ie 
th 
im 
: pr 
th 
be 
de 
mi 
tre 
NY 
wl 
ga 
4 | Im 
es! 
un 
tit 
da 


ince, 
Dalance 


hinge, 
rol aft 


ierofoi] 


hom 


10 Over 


a1. 


CONTROL SURFACE DESIGN 


PART III 
CONCLUDING REMARKS. 


13. Prototype Testing 

It must be apparent from the ground 
already covered that we have much to learn 
in detail about controls and their ways. In 
particular, while the existing body of theo- 
retical and empirical knowledge now enables 
us to predict, often with reasonable ac- 
curacy, what will be the consequences of 
certain changes in the shapes and sizes of 
controls, an estimation of the absolute 
values of the various lift and hinge moment 
parameters from a knowledge of the geo- 
metrical proportions may well be consider- 
ably in error; large errors may also arise in 
interpreting the results of tunnel tests of a 
model of the control to be used, since the 
model itself may not represent with suffi- 
cient accuracy the precise shape of the con- 
trol to be flown, while the boundary layer 
conditions in the tunnel may be unrepre- 
sentative of the usually unknown boundary 
layer conditions on the aircraft. 


Such uncertainty in the absolute values of 
the relevant quantities adds greatly to the 
importance of prototype testing. When a 
prototype first flies, it is extremely unlikely 
that the control characteristics will be just 
what the designer expected; in particular 
the hinge moment characteristics are liable to 
be wildly out. It is during the early 
development flights of a prototype that 
much of the aerodynamic design of the con- 
trol surfaces is often done, as shapes and 
sizes are altered in order to give the pilot 
what he wants. And it is at this stage that 
shrewd use of the information already 
gathered by research workers can save an 
immense amount of time. 


In this connection early and comprehen- 
sive instrumentation of the prototype is 
essential. Unless the characteristics of the 
unsatisfactory controls are established quan- 
titatively, the development engineer has no 
datum from which to work. Once the num- 


bers have been obtained, existing knowledge 
can be rationally applied to guide him as to 
the changes needed to put the controls right. 


We come here to a second important point. 
It is obviously wise for the designer to 
anticipate such changes, so far as is possible, 
when the type is on the drawing board; and 
to make provision on the prototype aircraft 
for these changes to be done quickly. 
Typical examples are mounting the hinge 
bearings of the control surface in slides, with 
screw adjustment, so that fore-and-aft hinge 
position can be altered, thereby enabling 
percentage balance to be adjusted; providing 
a geared tab with a wide range of alterna- 
tive gearings; making the Frise nose detach- 
able and building several sets, possible in 
wood, of different shapes, and so on. From 
this viewpoint the spring tab is one of the 
most useful devices, since a wide range of 
alternative springs and alternative tab lever- 
ages can be provided, giving the develop- 
ment engineer power to alter the overall 
hinge moment characteristics within very 
wide limits to allow for any errors in the 
estimation of basic control heaviness. 


14. Instrumentation 


The importance of early and comprehen- 
sive instrumentation of the prototype has 
been mentioned. It must be stressed, how- 
ever, that the automatic observer box is not 
in any sense a substitute for a good test 
pilot; it is merely a necessary adjunct whose 
main purpose is to tell the engineer the 
technical reasons behind some of the pilot’s 
likes and dislikes. Neither does use of an 
automatic observer allow the employment of 
a less highly trained flight technician—unless 
the records are examined intelligently they 
are of little value. A highly skilled test 
pilot and a first class technician, with limited 
instrumental equipment, who think carefully 
over what tests should be done, and which 
quantities should be measured and which 
neglected, form a team far more valuable to 
a designer than an indifferent pilot and 
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second-rate technician equipped with an un- 
limited number of expensive instruments. 


15. Training of the Flight Test Team 


In considering the team of test pilots and 
technicians concerned with the development 
of a prototype, two points may be made. 
Firstly it is very valuable if the test pilot has 
obtained a technical background, however 
limited, on stability and control matters. 
When trying to get one’s ideas straight on a 
knotty handling point, unadulterated com- 
mon sense may lead to very misleading 
conclusions; common sense combined with a 
limited but sound knowledge of technicalities 
can produce useful results. In this connec- 
tion the Empire Test Pilots’ School at Bos- 
combe Down is a big step in the right direc- 
tion. The second point to be made concerns 
the flight technician. His value is un- 
doubtedly enhanced if he is given the 
opportunity of getting experience as a pilot 
—again only limited experience is needed on 
comparatively tame types. Unless a man 
has had such solo experience, obtaining 
thereby at first hand an appreciation of the 
difficulties of the flying business, he will 
lack a full appreciation and understanding 
of many of the more subtle points raised 
by the test pilot. Any trouble or expense 
incurred by a firm in giving the flight 
technician such flying training will be amply 
Tepaid. 


16. The Value of Numerical Standards 


When experience has shown the desira- 
bility of insisting upon some particular form 
of handling characteristic in future designs, 
either in the interests of safety or opera- 
tional utility, the normal procedure is for 
some form of requirement to be hammered 
out by joint consultation between repre- 
sentatives of the Industry and of the Official 
side. As such requirements grow in num- 
ber, they form a sort of handling schedule 
which guides the team engaged on prototype 
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development as to the minimum standard | 


which must be reached. 


Some progress has steadily been achieved 
in making standards quantitative 
rather than qualitative. The authors would 
like to stress the importance of putting in 
the numbers. In the past there has been 
a tendency for handling requirements to be 
liberally sprinkled with phrases of the type 
‘“ the change of trim shall not be excessive,” 
““ stick and pedal loads to do this shall be 
reasonable,” “‘no undue tendency ty 
swing,’’ and so on. Although qualitative 
statements of this sort often sound eminently 
sensible, they can lead to much confusion 
in interpretation, since opinions are bound 
to differ on the precise shade of meaning 
to be given to ‘‘ excessive,’’ ‘‘ unduly 
large,’’ ‘‘ reasonable.’’ and the rest, in 
terms of numerical values. It seems far 
better to insert definite figures whenever 
possible for tolerable ranges of pilots effort 
(when dealing with trim change), stick force 
per ‘“‘g,’’ stability margins, rate of roll, 
etc., even if at first some of the number 
may be based on rather tenuous evidence. 
They can always be modified as experience 
dictates. With increasing use of instn- 
ments quantitative information on good and 
bad aeroplanes should accumulate more 
rapidly than in the past. By using such 
experience it should be possible to develop 
progressively a comprehensive handling 
schedule, of a distinctly quantitative charac- 
ter, which so far as possible epitomises our 
experience of what is and what is not 
acceptable to the average pilot. Such a 
schedule would be of very real assistance 
during prototype development. 
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APPENDIX. I 


Thin 


Aerofoil Theory for a Flapped Aerofoil 


Let the aerofoil be represented by the line 
ABC and the various chords, angles, etc., 
be as marked. Then AC is chosen as the 
axis of z and the normal at -1 as the y axis. 
We shall now introduce a new parameter 
defined by 


(1l—cos 4) (1) 


It is further assumed that the vorticity at 
any point of the aerofoil can be written 


a 
kk =2V { A, cot A, sin } (2) 
or 


kdz=cV { A, (cos 6+ 1) 


A, sin né sin 6} dé 


=acpV? (A, + (8) 
or in coefficient form 
C, (A, + 4A,) (Ba) 


The pitching moment about the leading 


edge is 


M=—|pVkrda 


- (7/4) V? (A,+A, 
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or in coefficient form 


Cm = — (7/2) (A, + A, (4a 
(4h 
The direction of the resultant velocity 


adjacent to the aerofoil must be parallel to 


the surface and so at each point of the 
aerofoil 
V=dy da (9 
where v is the induced velocity. 
This gives 
dy /dr=2—A,+ A, cos n6 
[see p. 90, Ref. 2] and so 
dx dé 
A, =(2/¢ da cos n6d6 (i 


These are general expressions and can be 
used to obtain lift, pitching moment, or /, 
for any thin aerofoil. 
In the case of a symmetrical aerofoil the 
shape is defined by (see figure) 
dy/da=y/(1—-E), 


dy/da=—y/E, 
where 
6= defines the point B. 
So that 
cos —(1—28) (9 
Now 
and | (10 
n=y/E+y/1-E) } 
From equations 6, 7, 8, 10, we have 
A,=2z'+ { (7-96) (11 
A, =(2 sin /nz) 
From 31 
{ 2'+ 4+ (sin 4} 
which by comparison with 
CL =a,2! + dyn 
gives 
a, (12 
o/z 


Hinge Moments 


Since the lift force on an element dz 0! 


| 
A Fe 
€ 
| 
ia From which it follows that the lift force is 
is 
T 
492 


foil the 


(10 


ve 


(11 


nt da of 


CONTROL SURFACE DES 


the aerofoil chord is pvkdx the hinge 


moment is 


B 


or 


| { A, (1 + cos 6) 


x 
+X A, sin n@ sin 6 } (cos @¢—cos A) dé 
1 


But we can write 


so that 
(b,2'+ =2 cos o| [ A, (1+ cos 4) 
Oo 
+X A, { cosn—16—cosn+16} | dé 
[[24, 1 +2008 6+ 26) 
x 
+X A, { cos n—26-—cos n +26} | dé 
1 


On integration 
of A,. 


Then in general for n > 2 


sin (n—1) 
C,=2 cos = = 
+ 


let (, be the coefficient 


{ sin (n-4 sin(n—2)¢ 
H n= 2 


Forn<2 
C,=2 cos @ { —sin of 
+(7—9) } 
C,=2 cos +(7-9) 


) 
ing 


C,=4 cos @ { (7—)—sin } 


—2{ ‘7-o)—2 sin sin } 


(bya 


b, = 


CA n 


(16) 


IGN 
Using equations (11) we have 
—4E7),=C, . (17) 
il 
The general term of this expression 
(n > 2) is 
2sinn@ , 


Le 
n 
sting sinin—1l)@ 
n(n—1) 


_gfsinn+ sin (n—=2) @ 
n(n —2) 


The summation of each bracket can be 
easily performed giving 


nin+l) 


26 sin no 


n(n+2) 


= Cy 


+4 (z—@) sin @ cos (7—@) sin 20 
+2 sin? (19) 
From 17 and 19 we have 
=2 (2 cos ¢—1)—sin 26 
+4sin @ 
and (20) 
=2 (7-9)? (2 cos | 
+4 (7-0) sing+2 sin? @ 


Pitching Moment 


This follows readily from equations 11 
and 4b, thus 
sing 
— 
Cn=5 ( tf L 
sIn@ 
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Proof of Taylor's Theorem on the 
Passing into the Wake 


Let w=const. in figure represent the 
average streamlines of the flow past the 
aerofoil; these to 
@=const., 


Verticity 


gether with their normals, 
define a stem of 
co-ordinates. 


curvilinear sy 


Denote the distance along the streamlines, 


v=const. by ‘“‘s’’ and that along the 
normals, @=const. by “‘n.’’ Then the 


velocity at any point is 


ov 
q om 
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=Cons€ 


UE 
vor Cre: Cy 


which outside the boundary layer and wake 
becomes, 

Ov 

on 
where ht is the velocity of the flow in the 
irrotational field which exists in this region 


] 


by definition. An analogous function is 
defined by 
and outside the boundary layer and wake 
A= 


Consider the circulation k, in the path 
ABB'A'A composed of the streamlines AB, 
B'A' and the normal ¢=const. through the 
trailing edge, and another normal forward 
of the leading edge. 


We have 
B 
k, = | hds | has 
Pp’ 
Similarly for the path ACC’A4. 
So that 


ky —k, — (Pe — =0 
Since B, B’ and C, C’ lie on two @ lines 
differing by the same constant. 

Hence the circulation in the paths which 
enclose the aerofoil and its boundary layer, 
and pass normally to the streamlines in the 
wake is constant. Also the net vorticity 
enclosed in sections of the wake such as 
CB,B,!C'C, is zero. 

Thus equal amounts of positive and 
negative vorticity pass into the wake at the 
trailing edge. 
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Howarth’s approximation to this condi- 
tion easily follows, since the vorticity at 
any point is given approximately by 

C= —0q/dn 
and the rate at which it is carried past any 
section of the boundary layer is 


(dq/dn) dn= 
where U’ is the velocity at the edge of the 
boundary layer. 
Hence by Taylor’s theorem, 


ApprENDINX III. 
Thin Acrofoil Theory for Set Back Hinge 
Balanced Controls 


F is nose. B position of pressure peak. D hinge. 

Let AF BDC represent the aerofoil with 
set-back hinge balanced flap and the nota- 
tion as in figure. 

Take the origin of co-ordinates at 4, 
the axis of # along the base line AC, and 
the y axis normal to it. 

As in Appendix I we write 

az (1—cos 6) 


At A 6=0, cos 6=1 

At F cos y= - (1 — Dv) | 
At B cos y= (1 ( 
At D A=, cos 


The 


Also 


Assu 
the a 


then 


As in 


Since 


it foll 


As 
of Ap 


Hinge 

Sine 
aerofo! 
is 


co (OA 
= cor = Cons 
R 
1 
| 
The 
point 
Proc 
Thus 
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The aerofoil shape is defined by 
Also, see figure, 
=1—y/(1—p) | 
Assuming a distribution of vorticity along 
the aerofoil in the form of the series 
kdx=cV { A, (1+ cos 6) 
+X (4) 


then it follows that (see Appendix I) 


a—-A,= (1/) dy (da) dé 


A, =(2/z) | (dy /dx) cos n6d6 


As in Appendix I, putting ¥ for 9, 


A,= { (2sin nv) /(nz) } 
Since 
3- 
it follows that 
ay =27 


7) 
a,/a,= \ 


a—w)/7+ (sin 
As reduce to equations (12) 
of Appendix I. 


Hinge Moments 

Since the lift on an element da of the 
aerofoil chord is pVkdx the hinge moment 
is 


dw 
The integrand is discontinuous at the 


point B, but H possesses a limiting value. 
Proceeding as in Appendix I, we have 


—4E? (b,a! + ban) =3 (8) 
Thus 
—4E*b, =4 cos { } 
—2 { (7—x)—2sin sin 2y } (9) 
Also 


—47E*b, =C, («7 —y)+2 sin YC, +sin WC, 


x 

+ 2% { (sin nv)/n } C, (10) 
2 


IGN 


The summations are more difficult in this 
Case. 


Finally, however, letting 


and 
W=hiv +y) 
we have 
—4rE*bh, =(7—-y) cos @ x) 
sin 
+2 sin cos ¢ 
sin 3 
} 
+sin {2 om sin y 
sin 4x, 
sin W sin 
+4cos of 
sin sin2y sin @sin 7W 
3 
16 cos sin in 
+10cos @ sin @ sin 
sin 
r 
sin bite sin 10@ 
sin = )} 
6 
sin dy siny sin sin 2y 
3 8 i 
sin 
+2 sin 2W sin 2@4 4 log 
in 2W sin b{ ) 
(11) 
r=] 
Equations (9) and (11) combined with gi 
the corresponding equations of Appendix I aa 
will give the increments Ab, and Ab, due 


to the balance. 


APPENDIX IV. 
Spring Tah Theory 


Consider control and tab both displaced 
downwards (i.¢., in the positive sense). 
The hinge moments are:— 
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Control, 
H = ba! - b.B 


3 


Tab, 
Let 
=gearing between stick and spring 
member. 
k, = gearing between spring member and 
tab. 
Suppose also that P, is the preload, 
A=the spring rate, and the co-ordinate 


defining the spring deformation is 6, then 
on the ground 
P=P,+k,r6 
B=k.6 
In flight the pilot’s force P is given by 
P= k AG — k 
+ CoE + 
also 
B=k,6 
Further we can write 
P=mcSq 
where m=stick gearing, tabs locked. 
Then writing 
j/k, and K,=k,k,. 8, 
we have 
P=P,+K,AB—K,yq +058 
Eliminating 8 gives the pilot’s stick force 
with the tab in operation. 
Thus 
P=P,— (co + + 
(K,A—A.qe,) (P—-P, 
| 
where P, (stick force, tab locked) 
mcSq ( + + b,€) 


So that 
P=P,+(P,-—P,) 
1 
mceSq meS b, ! 
KX 1 < 
1 1 \ 3 


b, “meSq mcS ‘b, 

This is the general formula for the stick 
force. Jn practice the last term is usually 
neglected as c,, c, and c, are very small. 

Application of this general theory to par- 
ticular designs is considered in Ref. 17 where 
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the effect of the spring tab on stability is also 
discussed. 
APPENDIX V. 
Differential Gearing Theory 
We shall use the suffices u and d to denote 


and down-going 
Then if m, and mg, are corre- 


the up-going ailerons 
respectively. 
sponding gearings these are related to the 
stick displacement (7) thus 
m,=d€,/dx and my=d€,/dx 
If Cyus Cya be respectively the hinge co- 
efficients of the up and down going ailerons, 
the pilot’s force P is given by the equation 
of virtual work 
Pir =(Cynd&u— Cyad&a) 
P/(4pV?S ecg) (CyuMu— Cyama) 
Assume the hinge moment for a single 
aileron is 
Cy=bo+ bya t dE 
Then if Ax is the incidence change due to 
response we have 
Cyu=bo+b, (1+ 
and 
Cya=bo+ b, (2—Ax) + 
It is easily shown that 
(yAle/Ip) (Eat €a) = (yAle/Ip) 
where 
€=4 (€4+ 4) =mean angle. 
The up floating angle of the aileron at 
incidence x is given by 
bo + 
Then if we write 
(Alz/Ip) y=n 
we have, 
=—b, 
and 
Cua=b, (Ea &) nb, 
And so we have, 
P bpV?Secg) 
Eby { Gamat €ama— & ma) } 
—nb,€ (my + ma) 
This may be written as 
‘id (Sp V*Sce¢) 
=h, & —e) 


Respo 
Aile 
Foll 

notatic 

equati 
rolling 
are 

(1 


where 

are 
the am 
control 


( 


so that 
F! 
Then tl 


Is 


=1/F (. 


n= 3 
| 
and 
k = | 
The 
on the 
| 
| 
(D) = | 
I 
| 
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where 

€=4 (Sut &a =the mean of the aileron 
angles. 

Mig) =the mean of the gearings. 
(Su Ga) 

(My— Ma) 
and 


k=1—n (b,/b,)=the response factor. 


APPENDIX VI. 
Response of an Aircraft to Application of 
Following Gandy, Ref. 31, and in the 
notation of R. and M. 1,801, the lateral 
equations of motion, with application of 
rolling moment C; and yawing moment C), 
are 
(D— yy) (uv) V) +p (rps /V)— nko =0 
—(l,/t,) (uv /V)+(D-1, (ups) V) 
= { \D+ \ (mrs /V)=pC,/i, 
\A ty 
—(Ny/le) (uv/V)—-(E D/C + n/t.) (ups V) 
+(D—n,/i.) (urs/V)=pC,/t 
—pps/V + De=0 


c 


where 
D=d/d7, s=(SpV/m)t and C,, 

(, are given as functions of 7 according to 
the amount and rate of application of the 
controls. 

Put C,;=const. and C,=0. 

The determinant formed by coefficients 
on the left hand side is 


| D—y, O —pk 
P(D)=| D—Ipfig 


| —(n,/i,.) J D-n,/i, 0 
0 0 D 
= D' + B,D*+C,D? + D,D+E, 
so that 
F’ (D)=4D* +3B,D? +2C,D + D, 
Then the operational expression for ups V 
is 


pps 
D—y, p — pk 
=1/F (D)| —n,/i, D—n,/i. 0 (Cy/ ty) 
ne) O D | 


(ps/V) /C)= 


Ne\ Nye 

D —( Yet i, por 

F (D) 

This leads to the expression 
(ps/V) (iy Cy) 

= + sin br + 7 eos br 

Now the value of x, is large and negative, 

so that the first term diminishes rapidly 

with 7. 

Thus an approximation to the average 
rate of roll achieved is given by the second 
term. 

Performing the operations 
D?/F (D).1, and D*/F (D).1 
equation shows that 


DEE (Dye 
in the above 


\ n 
) 
Bag) 
= pn,/i.F' (2,) since x, and y, ~ 
= pm 
It can be shown that approximately 
ny 
Giving 
] 
ii 


The second equation of motion reduces, 
if v and r are neglected, to 
(D—1,/i,) (ups V)=pnC,/i, 
For instantaneous application of (, the 
solution is 
l 


(ps/V) (i, /C,)) = —(i,/l,) s) 
Lim 7 > (ps/V) = —i,/l, 


If the ratio of the average of ps/V.i, C, 
to this limit is A then from equation for X, 
1 
} 


Thus an approximation to the response 
equation is 
(ps/V)1,+AC,=0 (see Fig. 39). 
Let the starboard aileron angle be +€ 
the port aileron angle be —€.. 


and 
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Then C\=—lé. 

If ys is the distance of the mid-span of 
the aileron from the plane of symmetry the 
change of incidence Az over the starboard 
aileron 

= — pys/V = —(Aylz/1,) —né. 
Then 
Cya= Dot + 
Cyu= (2+ — bE 
where uv, d denote up-going and down-going 
aileron respectively. 

Thus the hinge moment to be balanced 

by the pilot’s effort is 
Cy=Cya— Cyu=(b,—nb,) € 
(based now on total aileron area) 
.€ 

where 

k=1—n(b,/b,), 
the response factor. The equation of 
virtual work gives the pilot’s force 

Substituting for € in terms of the rate 

of roll, we have 
(kb, /Iz) (ps/V) 

In this form the theory of aileron per- 
formance was developed by Gates and 
Irving in Ref. 23. 


DISCUSSION 


Sir MELVILL Jones (Chairman, A.R.C.: 
Fellow): He congratulated the authors on the 
form of the paper and on its presentation, and 
said they had provided a really magnificent 
example of exposition. Having tried to lec- 
ture on the subject from time to time, he 
appreciated how very difficult it was to pre- 
sent it; the Society should be grateful to the 
authors for the manner in which they had 
presented their information. 

A remark in the lecture which had im- 
pressed him particularly was that concerning 
the importance of test work on controls being 
carried out by pilots possessing technical 
knowledge, and of research work on controls 
being carried out by technicians having prac- 
tical flying experience, even though that 


498 


DISCUSSION 


experience might be confined only to easy 
types of aircraft. It was difficult to over- 
emphasise the importance of this if the work 
was to be kept on practical lines. The sub- 
ject was one in which it was easy to wander 
off into elaborate mathematics; and in doing 
so to forget that one was trying to produce an 
aeroplane which the pilot liked and could 
handle. 

Another remark by the authors which had 
impressed him particularly was that concerm- 
ing the importance of obtaining quantitative 
data relating to control, so that specifications 
could be more precise and not have to contain 
vague statements such that some particular 
aspect of control must be “‘satisfactory.’’ He 
had been so impressed with the need for more 
quantitative data on control that he had be- 
gun, shortly before the war, to get experi- 
ments going on this subject at Cambridge, 
but the war had intervened and the work had 
to be dropped. He was very glad to hear that 
the authors were making such good progress 
in this direction. 

Having listened to lectures on the subject, 
and having seen a little of what was going on, 
Sir Melvill said it appeared to him that the 
control problem was tending to get out of 
hand when applied to very big and the very 
fast aircraft. In very big aircraft, or in very 
fast aircraft of moderate size, the forces on 
the control surfaces were becoming dispropor- 
tionately large compared with the strength of 
aman. The authors of the paper and others, 
by their work, were putting off the day when 
we should have to use mechanical power on 
the controls, but even they could not put it 
off for ever. He believed that, within an un- 
specified number of years very considerable 
use would be made of mechanical power for 
the manipulation of the controls of our larger 
and faster aircraft. That did not mean neces- 
sarily that there was no need to continue with 
the kind of work that was being done nowa- 
days, because the longer we could postpone 
the introduction of mechanical power for that 
purpose, the better. But it was vital that, i 
addition to the study of the controls them 
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selves, the Government research departments 
and the Industry should be making a serious 
effort to develop power controls for use when 
they were required, and to give them a suffi- 
cient number of hundreds of hours of trial in 
the air, so that when it became necessary to 
use them they would be sufficiently reliable 
to justify their acceptance by aircraft opera- 
tors without undue fear of failure. 


Mr. D. L. ELtis (Vickers-Armstrong Ltd. : 
Fellow): He supported the authors very 
strongly in their advocacy of instrumentation 
within reasonable limits, particularly now 
that spring tab controls were coming to the 
fore. Quoting a case in which instrumenta- 
tion had proved to be very valuable, he said 
it happened that there were only two instru- 
ments available and they were put on spring 
tabs on the ailerons. After the first two flights 
it was realised that when the stick was in the 
neutral position the tabs were up by about 
half their travel. At first that had caused a 
great deal of consternation; but it was then 
realised that the tab was being pushed against 
the spring and that the ailerons were never 
at neutral. Although the pilots had said that 
it was the best control they had ever handled, 
it was in fact misbehaving atrociously. But 
for instrumentation, that aeroplane might 
have gone through life in that condition; but, 
having found out the facts by means of in- 
struments, it was found possible to make 
suitable alterations which had increased the 
power of the ailerons by perhaps 50 per cent. 

As a very strong advocate of spring tabs, 
he was sorely tempted to branch off into a 
discussion of their merits. In spite of Sir 
Melville Jones’s remarks concerning power- 
operated controls, perhaps he might suggest 
using spring tabs on spring tabs for very big 
aeroplanes! However, that might be regarded 
as an attempt to carry the use of spring tabs 
to extremes. 

In the discussion of limitations of size, Mr. 
Thomas had mentioned the possibilities of the 
aerodynamic booster, and had seemed rather 
to brush it aside without a great deal of con- 
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sideration, Admittedly boosters were slightly 
complicated; but an aeroplane had been 
flown with a device which was in effect a 
negative booster, its purpose being to limit the 
travel of the control at high speeds. It was 
perfectly satisfactory, simple mechanically, 
and could not jam. There seemed no reason 
why such a device, turned the other way 
round, should not be used as a booster. We 
were still a long way from being driven to 
power-operated controls, except for con- 
siderations of weight. He asked if the 
authors had any ideas of the possible future 
developments of controls which would elimin- 
ate mass balance. An aeroplane which to-day 
was considered to be fairly large carried mass 
balance which was most easily measured, 
literaliy, in hundredweights; any develop- 
ment of control design which could reduce the 
amount of mass balance necessary would 
solve a very difficult problem, especially as 
most of the weight was right down at the tail 
end of the aeroplane, where it was most em- 
barrassing. The only development he knew 
of was the spoiler control, instead of ailerons, 
for rolling. 


Mr. N. E. Rowe (D.T.D., M.A.P.: 
Fellow): When the Lectures Committee of 
the Society had asked for a lecture on the 
subject of control surface design it had not 
really appreciated the difficulty of presenting 
the subject. But the authors had overcome 
the difficulty magnificently, and he congratu- 
lated them both very heartily. They had 
dealt with a most difficult subject within the 
compass of a comparatively short paper, and 
had given a very good survey of it. 

One was interested, of course, in the results 
obtained on the aircraft. As he viewed the 
situation, never before had we been pre- 
sented with such a tremendous wealth of 
data and information, and never before had 
we approached each problem so entirely ad 
hoc as in the case of controls. As Mr. Morgan 
had said, the designer never expected the 
controls to be right in the prototype; they 
were expected to be slightly out, and Mr. 
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Rowe suggested that as a rule they were 
wildly out. On the other hand, in view of the 
mass of data that was available, one was com- 
pletely puzzled as to why we were in that 
state. There were different nose shapes and 
different balances and various means of get- 
ting towards what we required; we paid our 
money and took our choice, but there was 
never any guarantee that one’s designs would 
be right. The R.A.E. was trying to put the 
matter right, and the work at the N.P.L. 
particularly was taking us a long way along 
the road. 

But he was always puzzled as to why we 
could not expect more to come out of wind 
tunnel results; presumably it was a question 
of the scale effect and the difficulty of repre- 
senting the various interferences in a scale 
model. Perhaps that is where our friends in 
America have an advantage over us, in being 
able to conduct model tests on a very much 
bigger scale. He asked whether we in this 
country could carry out larger scale tests than 
we had done in the past, particularly on 
balance problems. 

A great deal of work had been devoted to 
the problem of harmony before the war, but it 
had since slid out of our ken because other 
matters were before us at the moment. Mr. 
Rowe felt very strongly, with Sir Melville 
Jones, that we should have to adopt power- 
operated controls; then we should look at the 
problem in quite a different way. Power- 
operated controls ought to be adopted sooner 
rather than later; the pilot’s precise ideas of 
balance and harmony would not then enter 
into the matter to any degree. We tended to 
get ourselves into a very bad state in respect 
of large aircraft and very fast aircraft because 
of the and distortion effects 
which the authors had mentioned. Either we 
must develop controls which retained their 
precision at the high speeds of flight that 
would be attained, which was a structural 
and mechanical problem, or we must elimin- 
ate the and distortion effects 
by cutting out the aerodynamic qualities in- 
duced, and that would be done by power 
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operation. We must bend our minds intensely 
to that problem and obtain a solution as soon 
as we could. He did not agree with Mr, 
Morgan that it was a defeatist policy; it 
might appear so to one who had specialised 
on the aerodynamic side, but it was in fact 
the exercise of ingenuity in another direction, 
and it was very important. 

It was pleasing to hear the reference made 
to instrumentation and to the need for real 
team-work, and especially to hear the refer- 
ence to ‘‘sensible’’ instrumentation. One of 
the dangers of the application of instruments 
to experimental work was the tendency to 
over-do it, by installing instruments to take 
all the readings that one could possibly get 
out of each flight, so obtaining such a mass of 
data that one was appalled by the task of 
analysing it and putting it to use. Instru- 
mentation needed to be applied for the par- 
ticular purpose that one had in mind at the 
moment; having obtained the data for that 
purpose, one could add more instruments as 
necessary, but always in an economical way. 

There was no doubt that a great deal of 
our troubles had arisen from the fact that we 
had adhered to the camber changing controls 
for so long. One had heard of methods that 
could control the boundary layer by suction 
or blowing; he would like to hear what the 
authors had to say on the possibilities of that 
class of thing, because at high speed, it we 
could have the lifting surfaces unspoiled by 
any sort of flap, so much the better. 

Finally, Mr. Rowe said it seemed that the 
authors’ work had been related largely to the 
standards of control that were demanded in 
military aeroplanes. Did they consider that 
the same standards of control were required 
for civil aircraft, or could we design things 
for civil aircraft which, for the effort ex- 
pended on them, would give a cleaner aero- 
dynamic surface ? 

Dr. D. Cameron (A. & A.E.E.: Fellow): 
Those who spent their time testing rather than 
designing aeroplanes sometimes became 4 
little impatient with regard to the inadequacy 
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of the science of designing proper controls. 
When prototypes came for test, one found 
that they were not correct, and one wondered 
why that should be so. Therefore, it was very 
good for those concerned with testing to hear 
a lecture such as that by Mr. Morgan and Mr. 
Thomas, giving a reminder of all the difficul- 
ties which had to be faced in designing con- 
trols which really did work. Indeed, as the 
result of the lecture he had gained an impres- 
sion of almost incredible difficulties; and he 
wondered whether, if we were faced anew 
with the task of moving a large surface 
through a large angle when travelling at a 
very high speed, we should really tackle it by 
means of very elaborate theoretical treatment, 
very elaborate wind tunnel tests and a lot of 
hard thought, or whether we should not go 
straight away to some form of power opera- 
tion, not only for the fast and large aircraft, 
but for any aircraft where it was likely to 
give advantages in respect of repeatability. 
He did not know very much about the pos- 
sible snags from the stability point of view; 
presumably we should throw away stick-free 
advantages, and so forth, and presumably we 
should also get into the difficulty that the 
pilot would be able to break the aeroplane 
very easily. 

The problem of breaking aeroplanes could 
do with a little more thought. The authors 
had recommended certain limits to the forces 
which the pilot should be asked to exert; those 
forces were comparatively low, as, for in- 
stance, 30 Ib. with one hand on the elevator 
and 40 Ib. with two hands. If the aeroplane 
were so designed that the pilot could produce 
the most violent manceuvre that he wanted 
to produce by exerting a force of 30 lb., then 
clearly he would be able to break the aero- 
plane very easily. Dr. Cameron asked for 
the authors’ views on the necessity or other 
wise of fitting some positive device to prevent 
breakage of aeropianes in that way. 

It was rather surprising to hear Mr. Morgan 
suggest that harmony of control was rela- 
tively unimportant in these days, for it 
seemed that the acceptable range of forces for 
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which one could design each individual con- 
trol was rather wide. A pilot would hesitate 
to say that only a certain force to do a certain 
thing was acceptable; different pilots had 
different preferences. If each control were 
designed separately to a reasonable standard, 
it did not follow automatically that one would 
get a combination which would not lead to 
putting on more for one control than another 
in a turn, for example, resulting in undesir- 
able skids. 

Endorsing the authors’ comments on the 
value of quantitative measurements in proto- 
tvpe testing, he said that at Boscombe Down 
those measurements had been found to be 
invaluable, not only in deciding what was 
wrong with an aircraft as first received, but 
what was more important perhaps, in tracing 
each step taken in effecting improvement. One 
could present a quantitative statement, indi- 
cating numerically the extent of each im- 
provement effected. 

Finally, he asked what was the likelihood 
of the designer being able to deal with trim 
changes, particularly changes of directional 
trim with speed and power, in the absence, of 
course, of contra-rotating propellors, and so 
forth. They were very unpleasant from the 
pilot’s point of view, and represented one of 
the major difficulties on quite a number of 
current types. 


Mr. F. W. Pace (Hawker Aircraft Co.: 
Associate Fellow): Commenting on the en- 
thusiasm which had been expressed for the 
spring tab, he urged that it was not a cure- 
all; the addition of a spring tab to an existing 
unsatisfactory control surface, with little or 
no alteration of the control surface propor- 
tions or balance, would not usually produce 
a satisfactory result. For example, if on a 
particular aircraft large aileron angles were 
required to give reasonable rate of roll, the 
simple addition of spring tabs and the modi- 
fication of existing balance would not greatly 
improve matters. He felt it to be essential 
that the surfaces be designed at the outset for 
spring tabs, and suggested that many installa- 
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tions had suffered in the past because that was 
not done. Too iarge control angles or tab 
angles could lead to very unpleasant eftects. 
such as tab stalling and oscillation. Other 
disadvantages associated with spring tabs 
were, of course, the additional mechanical 
complication and the appalling weight of 
mass balance. In general, with a spring tab 
control the weight of mass balance was rather 
greater than the entire weight of the control 
surfaces and the operating mechanism less the 
mass balance weight. That was a consider- 
able price to pay; and in view of the fact that 
in some cases spring tabs could operate, or 
had been shown to operate, without mass 
balance, more investigation of the flutter 
aspect was required. He asked if the authors 
could suggest ways in which the enormous 
mass balance weights could be reduced in the 
future. 

There were advantages to be gained, of 
course, in many cases. From the manufac- 
turer's point of view probably the chief ad- 
vantages were the repeatability for a given 
performance and, possibly just as important, 
the reduction of development time. In re- 
spect of some aircraft it had been found pos- 
sible, by using spring tabs on some controls, 
to reduce the development time to the order 
of one-quarter of the time that was normally 
accepted as necessary. But in dealing with 
spring tabs it was essential to try out the pro- 
posed design first, not necessarily on the pro- 
totype for which it was envisaged, but on 
some other aircraft, if the development time 
were to be greatly reduced. Having done 
that, it was possible to apply a similar sort of 
design to the prototype and, merely by altera- 
tion of linkages and spring rates, to achieve 
the desired result very quickly. 

In that connection, in order to be able to 
make a good shot at the proportions, and so 
on, required in the first place, he pleaded for 
more generalised data such as that which 
Mr. Morgan and his associates had been pre- 
paring recently, on the lines of Mr. Lyons’ 
data, on the effect of flaps on aerofoils, and 
so on. More data was required also on hinge 
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moments on tabs, and particularly forces op 
tabs and control surfaces. The force aspect 
might become very important, particularly 
with power-operated controls, because with 
the more stringent performance requirements 
that Mr. Morgan had put forward it was pos. 
sible that there would be a very large crop 
of troubles with control surface failures due to 
inadequate strength, resulting primarily from 
the inadequacy ot the stressing data avail- 
able. 

Finally, Mr. Page expressed agreement 
with Mr. Morgan’s remarks on the importance 
of mechanical design; indeed, he felt that it 
Was even more important than the acrody- 
namic design, and in regard to spring tabs it 
was undoubtedly extremely important. For 
that reason he urged strongly that the torsion 
bar scheme of operation was much to be pre- 
ferred to the coil spring type, particularly as 
one of the great ‘‘selling points’’ of the spring 
tab was its repeatability; it was very difficult 
to ensure a repeatable spring rate when using 
a coil spring. Torsion bar operation was 
simpler. Further, it was far easier to avoid 
friction, it could be modified easily, and it 
was easier to avoid backlash. 


Mr. R. M. Crarxson (De Havilland Ltd.: 
Fellow): Discussing the spring tab and power 
boost, he said he had some revulsion to the 
introduction of force; one felt more inclined 
to allow nature to do the work, if possible. 
Although a good deal had been heard about 
power boost in the American fighters, he 
would have thought that it could have been 
kept out of fighters for a bit longer. Whilst 
it was obvious that we should arrive at a size 
of aeroplane in which it would have to be 
used, we ought to get the best that was pos- 
sible out of the spring tab. The servo contrdl 
could carry on from the spring tab. Develop- 
ment work on power boost should of course 
be actively pursued. 

With regard to aileron repeatability, there 
was quite a need for production and design 
technique to come into line with aerodynamic 
requirement. Surely these could be improved 
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to some extent. He wished we could do away 
with ailerons altogether! The authors had 
said some disparaging things about weights 
and springs; but he felt that the weight and 
spring was a very effective and economical 
The 
only reason he could see for not using them 
was so that they could be used when stability 
difficulties arose. 

The horn balance seemed to be invaluable 
for getting stick free stability, this was often 
very ditficult without it. He asked for Mr, 
Morgan’s comments on trimming tailplanes, 


way of achieving stick free stability. 


as against the tab-trimmed elevator with 
fixed tail plane. It was not impossible that 
the trimming tailplane would come back for 
certain uses in aeroplanes. 

Communicated. 

The design of controls seemed in the pre- 
sent state of knowledge to be very far re- 
moved from an exact science, particularly 
when nacelles were situated in front of tails. 

Summarising the position on forms of 
balance one might say that there were three 


main types available for the immediate 
future : — 
The shrouded leading edge (or Irving) 


balance; 

The unshrouded horn; 

The tab (geared, spring or servo); 
all other types would appear to be washed 
out on the score of drag and Mach number 
effects; of the above three the spring tab was 
the only one which cheats the (speed)2 law. 
A judicious mixture of the above three ought 
to give, in most cases, desirable stability and 
control characteristics. 

We have had unsatisfactory results with 
convex control contours, they seem, in the 
present state of knowledge, to give trouble- 
some variations of hinge moment with alti- 
tude and to some extent with speed. 

Advocates of power boost should remember 
that there was no magic in it, i.e., it was the 
aileron which finally does the job: a given 
tolling performance required approximately 
a given aileron angle no matter how this 
aileron angle was produced. 
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What does Mr. Morgan think about the use 
of power to produce ‘“‘ersatz’’ stability as 
opposed to inherent stability—the automatic 
pilot to some extent did this—what econornies 
in control size and weight did this make 
possible ? 


Squadron - Leader A. F. MARTINDALE 
(R.A-E.): He described himself as Mr. 
Morgan’s chief headache, because he was not 
susceptible to mathematical analysis; and 
after Mr. Morgan had spent some time getting 
an aeroplane to his liking on the ground, 
Squadron-Leader Martindale would take it 
into the air and would conclude that he did 
not like it! 

He agreed that everything possible should 
be done to make big aeroplanes controllable 
by aerodynamic means rather than by means 
of power controls; but we should do every- 
thing possible to push ahead with power 
controls, for they were bound to come. At 
the same time, he was very nervous about 
their first appearance! 

In the course of his experience as a test 
pilot during the last three years he had had 
about six complete hydraulic failures on 
undercarriages; in addition, there had been 
many temporary failures, when he had had 
to turn the machines upside-down in order to 
get the wheels down, or had had to shake 
them down, or possibly reselect several times. 
Failure did not matter so much in the case of 
an undercarriage; but any failure of controls, 
whether permanent or temporary, would be 
very serious indeed. Therefore, he would like 
to think that the first aeroplanes with power- 
operated controls had some alternative sys- 
tem which would enable a pilot to get his 
machine back home in the event of a power 
failure. The sooner the power-operated con- 
trols appeared, the better, because aeroplanes 
were still of a size which could be flown on 
the manual system in an emergency. 

The ‘‘Lightning’’ was the only machine he 
had flown with power-operated controls; it 
demonstrated that pilots’ opinions should not 
be regarded as unalterable. There was abso- 
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lutely no “‘feel’’ to the controls of that aero- 
plane, t.e., the force required to move the 
controls was constant at any speed or dis- 
placement. But the machine was not un- 
pleasant to fly, and quite obviously one could 
get used to new things. 

He was one of those who had been ques- 
tioned by" Mr. the 
which pilots had to exert, and he agreed with 
the figures quoted in the paper! But when 
the control forces were so light it was neces- 
sary, of course, to prevent the pilot from 
breaking the aeroplane, especially during 
operational flights. When flying a machine 
with light controls on experimental flights, he 
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felt very nervous unless there were some re- 
strictor to prevent him breaking the aero- 
plane, especially on unknown types such as 
German aircraft; the provision of some re- 
strictor would be absolutely necessary where 
power-operated controls were used. On the 
other hand, attempts to produce very light 
controls by aerodynamic means often pro- 
duced overbalance on production aircraft, 
whatever system was used. 


Mr. J. LANKESTER PARKER (Short Bros. : 
Fellow): It had seemed to him for many 
years that one of the greatest problems the 
designer had to face was that of deciding 
what aa ideal control should do. It was valu- 
able to have a goal at which to aim, and the 
paper by Mr. Morgan and Mr. Thomas went 
far towards defining that goal. 

He could not from personal experience talk 
of high speed problems, but there were severe 
control problems associated with just “‘large- 
ness.’’ On several occasions he had been con- 
cerned with the testing of an aeroplane or 
flying boat of, say, double the weight of any 
that was within his previous experience, and 
he had met with some unexpected problems. 
He believed the scaling up of an aeroplane to 
double its previous linear dimensions multi- 
plied the control loads by 8, assuming the 
same speed, and increased the moment of 
inertia of the controls something like 32 
times. In other words, the load varied roughly 
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as the cube, and the moment of inertia as the 
fourth or fifth power. 
experience indicated that it was something of 


If that were so—and 


that order—it followed that the aerodynamic 
balance would have to be greatly increased in 
order to cope with the increase of size, for the 
pilot, unfortunately, did not acquire greater 
size or strength as the size of aeroplane ip- 
creased, and he did feel rather like an insect 
when in a large machine. It might be Pos. 
sible, by the application of great cunning, to 
make the aerodynamic load light enough to 
enable the pilot to operate really big controls: 
but nothing had yet been done, or even 
seemed to be possible, to reduce the amount 
of inertia of the controls. It might be thought 
that he was rather over-stressing the matter; 
but it was important that the actual aero- 
dynamic load should not be completely over- 
shadowed by the other two resistances to 
motion (mechanical friction and moment of 
inertia) which a pilot must overcome when 
moving a control: this will cause a loss of 
‘‘feel’’ and prevent rapid application of the 
control, particularly at low air speed. 

He would not pretend to be able to inter- 
pret the term “‘feel,’’ and he agreed with 
Squadron-Leader Martindale that pilots could 
learn to use controls in a different way and 
soon get to like them. Nevertheless, ‘‘feel’ 
was a very real thing, and was something we 
should not dispense with lightly. He believed 
that a good pilot could fly a completely new 
aeroplane, one which had never been flown 
beiore, without a single instrument in it; 
there must be some sort of ‘‘feel’’ to enable 
him to do that. 

To render an aeroplane unbreakable merely 
by making the controls so heavy that the 
pilot was not strong enough to manceuvre It 
sufficiently was surely to approach the prob- 
lem from the wrong angle. It was almost cer- 
tain that a small or a weak man would find 
such an aeroplane very heavy to fly. Refer- 
ring to the motor car for purposes of analogy, 
he said it had not been found necessary to 
make the steering so heavy that it was im- 
possible for the driver to turn the car ove 


when 
agreed 
reduce 
be pr 
design 
that W 
large < 
tabs, 
some \ 
penienc 
develo 
a large 
rudder 
bar. 1 
the ruc 
with tl 
arose 1 
craft w 
when 
about 
ground 
avoid 
that it 
Fina 
sonal 
for the 
whereb 
tributic 
aviatio 
the lar, 
siderab 


Mr. 
Fellow 
Was pri 
of viev 
ideas 
from tl 
who we 
wished 
ot idea 
past, b 
dards t 
their a 
obtaini: 
Obviou 
knew 


Dis 


CONTROL 


when travelling at high speed. However, he 
agreed that some form of “‘g’’ restrictor or 
reduced control gearing at high speed should 
be provided, and he believed it could be 
designed. 

Recalling the point made by the authors 
that when spring tabs were fitted to really 
large acorplanes they were no longer spring 
tabs, but were in fact servo tabs, he said that 
some years ago he had had considerable ex- 
perience with rudders of the Flettmer type 
developed at Farnborough, which consisted of 
a large tab mounted well behind the main 
rudder and operated directly by the rudder 
bar. The pilot had no direct connection with 
the rudder proper. One of the bigger snags 
with that type of control, in his experience, 
arose in the tail-to-wind case; when the air- 
craft was taxi-ing across wind, and especially 
when moving down wind, it would swish 
about all over the place, and turns on the 
ground had to be made in the direction to 
avoid “‘jibing,’’ and it had seemed to him 
that it was very liable to break. 

Finally, Mr. Lankester Parker paid his per- 
sonal tribute to Mr. Morgan and his colleagues 
for their extreme helpfulness and patience, 
whereby they had made very important con- 
tributions to the development of British 
aviation. Without their help, the testing of 
the larger prototypes would have been con- 
siderably more hazardous. 


Mr. P. G. Lucas (Hawker Aircraft Co.: 
Fellow): The subject of control surface design 
was probably the most difficult from the point 
of view of the pilots who tried to put their 
ideas across to the design staffs, and also 
from the point of view of the design staffs 
who were trying to understand what the pilots 
wished to convey to them. That interchange 
ot ideas had been almost impossible in the 
past, because there were no numerical stan- 
dards to which the design staffs could design 
their aeroplanes, nor were there methods of 
obtaining quantitative measurements in flight. 
Obviously, for instance, unless the designers 
knew what rate of roll was required they 
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_ side must also come into it. 


could not stress the wings to take it; neither 
could the pilot tell the designer how fast the 
machine was rolling unless he had some 
means of measuring it. Therefore, it was 
important that, in order to achieve a good 
control development, there must be a limited 
amount of instrumentation, and some clearly 
defined numerical standards laid down by the 
operators of the aircraft. 


It was of no use designing an aeroplane 
which was so strong that it could not be 
broken or so fast that nothing could possibly 
go faster, unless it was under the full control 
of the pilot. Further, an aeroplane could be 
tuined by general unpopularity, or even its 
potential operational uses could be nullified, 
by bad control. 


The importance of good test teams, and 
the desirability for the technical people to 
have some flying experience and to be able 
to fly a machine themselves, could not be 
over-emphasised, for pilots had always 
spoken a language of their own, and probably 
would continue to do so; the better the pilot 
and technician understood each other’s lang- 
uage, the closer would be the general under- 
standing between them; and that could be 
achieved only if the latter had some experi- 
ence of flying. A glossary of pilots’ terms 
might with advantage be produced, because 
pilots explained things in a way which it 
must be difficult for others to understand! 

Having had quite a lot of experience of 
spring tabs recently, Mr. Lucas said that not 
only did they confer advantages from the 
point of view of ensuring light stick forces, 
but that by careful design it could be so 
arranged that the pilot could not apply a 
greater control force or movement than the 
aircraft was designed to take. 


The harmonisation of an aeroplane could 
best be effected by instrumentation and 
quantitative measurement; but the qualitative 
He agreed 
entirely with Mr. Lankester Parker’s remarks 
with regard to moments of inertia and friction 
in control surfaces, because qualitative hand- 
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ling was seriously affected by those two 
particular matters. 


contributed): The trouble with recent control 
surfaces appeared to be the uncertainty of 
their behaviour. Their uncertainty was attri- 
buted to small differences in profile, especially 
near the trailing edge. He wished to point 
out another possible cause of the trouble— 
the inboard end of the surface. In almost all 
designs, the inner end of ailerons and eleva- 
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tors and the lower end of the rudder, in their 
neutral position, were flush with the static 
part of the aircraft. This would help to im- 
prove the performance when the controls 
were neutral, but what happened when the 
surfaces deflected? Local turbulence 
was inevitable, and turbulence anywhere was 
bound to be uncertain in behaviour. 


were 


REPLY TO THE DISCUSSION 


Mr. MorGan, replying to some of the points 
raised in the discussion, said he fully agreed 
that the power operation of controls must 
come; there was no question of it having to 
come over his dead body, as it were. He felt, 
however, that the period during which power 
operation was being tried out would be a very 
awkward period for the pilots, as distinct 
from the technicians; it was very important 
to provide some plausible alternative to power 
operation at which a pilot could clutch if the 
power failed, as fail it might. On the very 
large aeroplanes the only alternative to power 
operation which would shove the controls 
around was the pure servo tab. There was 
thus a strong case for pure servo tab develop- 
ment as an insurance, during the era of 
transition to power controls, against the 
failure of what one hoped would ultimately 
be foolproof power operation. 

For fighters he could not see any case for 
power operation, at present-day speeds. We 
might run into 
regions, in which the controls would go hay- 
wire; in this case power operation might well 
prove to be the only way out. 
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Technically it was quite feasible for a ‘‘g” 
- 


restrictor to be produced, if it were needed, 
for the light stick forces that he had advo- 
cated. On the other hand, Mr. Lankester 
Parker’s motor car analogy was extremely 
good. It was possible for a car driver o 
overturn his car when travelling fast, but 
motor car drivers just did not do that; they 
did not haul the steering gear violently when 
travelling at 60 m.p.h., nor did aeroplane 
pilots haul on the stick until they were blue 
in the tace. So that, whilst there was an 
argument for a restrictor, he did not think 
that in general it was over-strong, although 
each case would obviously need to be con- 
sidered on its own merits. 

The moving tailplane was very attractive, 
particularly when dealing with compress- 
bility effects in high-speed dives; it was a 
most potent means of applying high control- 
ling moments in pitch. He _ believed the 
structures people in this country took a very 
dim view of the moving tailplane and he did 
not think that its use was encouraged; but it 
might have to be used on some of the faster 
machines. 

The Fletner tabs, mentioned by Mr. Lan- 
kester Parker, were rather like flags hanging 
out behind the controls. Nowadays servo 
tabs looked like ordinary trim tabs, and a 
very large aeroplane in America had _ been 
flying for some time with pure servo tabs on 
all three controls. It seemed to get on quite 
happily with them, although it weighed 
about 150,000 Ib. 

Dealing with the question as to what was 
the point of all the mighty theoretical work 
and tunnel activity when we just did not 
arrive at the complete answers, Mr. Morgan 
urged that theoretical and tunnel work was 
well worth while and indeed essential; for 
example, once we had established what the 
prototype was doing, it helped us enormously 
to know what to do next in the way of putting 
the controls right. If we had to grope around 
in the dark, without the background of 
theoretical and tunnel work, the development 
of controls would occupy a much longer time. 
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The reasons for the discrepancies were bound 
up largely with geometry. The hinge moments 
of highly balanced controls were very sensi- 
tive to minute changes of shape, and the 
designer could not predict the shape of his 
control from the aerodynamic point of view. 
He could draw it on paper, but the control 
just would not look like that from the aero- 
dynamic viewpoint. A small bump on the 
back end of a control, which one could 
hardly see, might make it twice as heavy, or 
it might make it overbalanced. 

The reference by Mr. Lucas to a glossary 
of pilots’ terms recalled to his mind an occa- 
sion on which a number of pilots and tech- 
nicians at had tried to 
write such a glossary. A highly entertaining 
document resulted, sprinkled with terms like 
“nibbling’’ and ‘‘sawing,’’ and abounding in 
nice distinctions such as that between ‘‘shud- 
dering’ and juddering.’’ (Mr. Morgan 
said that he would reply more fully to the 
discussion in writing.) 


Boscombe Down 


AUTHORS’ WRITTEN REPLY TO 
THE DISCUSSION 

We appreciate the opportunity of being 
able to reply in writing to the discussion fol- 
lowing our lecture, since many of the points 
raised need a more considered opinion than 
is possible in a verbal reply. 

Sir Melvill Jones supported our contention 
that technical people engaged on stability 
and control work should learn to fly. We 
would like to stress this point, since in our 
view nothing like enough weight has been 
given to it in the past. His reference to the 
dangers of wandering off into elaborate 
mathematics was greatly appreciated. In this 
field, mathematical analysis is an absolutely 
essential servant, but it can be a highly dan- 
gerous master; in particular we would urge 
the theoretical worker to keep constantly be- 
fore him the basic physical assumptions on 
which his analyses are based—the tenuous 
nature of many of these assumptions is often 
overlooked in the delight at exhibiting one’s 
prowess in juggling with the equations. 


The case for power operation development 
was argued by Sir Melvill Jones, and _ this 
topic ran through the remarks of most of the 
subsequent speakers. Our views on the points 
raised on this subject may be summarised as 
follows : — 


(i) No one questions the advantages of a 
completely reliable power operation scheme. 
The discussion centres around the problem of 
reliability—what happens when something 
goes wrong? 

(ii) For extremely high speed small aircraft, 
which have to operate in high subsonic or 
supersonic regions, there is an overwhelming 
case for urgent power operation development. 
One feels instinctively that a power-operated 
all moving tail plane is a sound approach. 
The reliability problem is slightly eased by the 
fact that, on aeroplanes of this class, it may 
prove possible so to arrange matters that 
direct manual control is within the physical 
compass of the pilot at low speeds and modest 
Mach numbers, so that a successful landing 
could be made in the event of power failure 
provided the pilot was lucky enough to regain 
control at low altitude. 

(ii) For very large, but relatively slow 
speed aircraft, there is a strong argument for 
power operation, provided the system is such 
that mass balance of the control surfaces can 
be dispensed with. In this case, however, a 
very plausible alternative exists in the pure 
servo tab. Were it not for the weight of mass 
balance involved with a servo tab scheme, 
the case for power operation would, in the 
authors’ opinion, be far less convincing, at 
least on aircraft up to 500,000 lb. all-up 
weight (it should be borne in mind _ that, 
being aerodynamicians, we are, of course, 
biassed). On these very large machines, 
reliability is all important, since once com- 
mitted to power the controls will be un- 
manageable without it; it is on this count that 
the pure servo tab scores so heavily. 

(iv) It is of the utmost importance that 
power operation schemes should be very 
thoroughly tested on aircraft of modest size, 
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which are manageable on manual control 
when power fails, before designers commit 
themselves to power on the really big 
machines. To go straight to power on the 
large aircraft without extensive tests in flight 
on the small machine would seem a gamble. 
The argument that all necessary development 
can be undertaken in a ground rig is, in our 
opinion, highly suspect. 

(v) Many of the difficulties encountered in 
power-operation schemes to date arise from 
the prevalent opinion that ‘‘feel’’ should be 
provided by feeding back to the stick a pro- 
portion of the aerodynamic load on the con- 
trol surface. In our view this refinement is 
completely unnecessary on very large air- 
craft; adequate ‘‘feel’’ can be provided arti- 
ficially by springs to give self-centring, with, 
if necessary, a subsidiary device to increase 
control weight with airspeed; a “‘g’’ restrictor 
can be included if harsh use of the elevator is 
feared. It is felt that designers of power con- 
trol units for large machines would have a far 
clearer run, and would be faced with fewer 
development difficulties, if the idea of feeding 
back ‘“‘feel’’ from the unit was abandoned at 
the outset. 

In reply to Mr. Ellis and Mr. Page, who 
asked for information on the possibility of a 
reduction in the rather crippling amount of 
mass balance which must be carried around 
with spring and pure servo tab designs, the 
application of irreversible and damper 
mechanisms immediately comes to mind. 
Much thought is rightly being put into such 
an approach, but in our view a more profit- 
able line of attack would be a fundamental 
investigation in each particular design of the 
flutter characteristics of the spring or pure 
servo tab system proposed, undertaken by a 
competent flutter team. In many cases it may 
well be shown that, provided the weight and 
inertia of the tabs were made very small by 
clever layout and construction, there would 
be no necessity to mass balance the tabs at 
all. This would remove the major portion of 
the mass balance incubus, since when a tab 
is mass balanced a lot more lead has to be 
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added ahead of the main control hinge to 
retain mass balance of the main surface. 

Mr. Ellis also raised the question of aero. 
dynamic boosters. There was no intention oj 
brushing these aside hastily, although this 
impression may have been given owing to the 
limitation of time during the verbal delivery 
of the lecture. Possibly a major application 
of this sort of gadget will be the provision of 
suitable artificial ‘‘feel’’ when used in con. 
junction with irreversible power operation on 
large aircraft. 

Mr. Rowe raised the question of the utility 
oi theoretical and wind tunnel work on con- 
trol hinge moments, when in real life an 
empirical hit-or-miss process seems usual in 
getting the controls of a prototype right, and 
suggested that larger tunnels might be a help. 
The tunnels and theory do in fact provide the 
designer with an essential datum from which 
to work in proportioning his controls. The 
major difficulty of sensitivity to minute geo- 
metrical differences would be eased if the 
actual control, as manufactured in the shops, 
could be tested at a reasonable speed in a 
tunnel large enough to take it; such tunnels 
are, however, expensive. An approach which 
appeals to the authors is to test the proposed 
new controls for a prototype in flight on a 
smaller aeroplane. For example, if a firm is 
building an aircraft somewhat larger than 
their former production type, the complete 
tail plane and elevator of the new machine 
could be manufactured in advance, full size, 
then fitted to an existing smaller aircraft— 
which would be purely a test bed—and 
flown. This would be quite feasible, although 
the tail would be oversize for the test ait- 
craft, by suitable ballasting. With appro- 
priate instrumentation, much of the develop- 
ment work on the hinge moment charac- 
teristics of the new tail could be undertaken 
in this way before the prototype actually 
flew. Fin and rudder development could be 
undertaken in a similar manner. In many 
cases such a policy would, if decided on at 
the outset, save a lot of time and trouble. 
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The subject of standards of control for civil 
aircraft as compared with those for military 
machines was also raised by Mr. Rowe. Un- 
doubtedly very different standards are 
needed, with emphasis sharply on safety and 
with less attention given to extreme 
manveuvrability at high airspeeds. A danger- 
ous argument often heard is that the civil 
pilot will be far more highly trained and 
tightly controlled than the Service pilot. 
There is a temptation to use such an argument 
to excuse oneself from improving some 
handling characteristic—‘‘it would never 
catch out a civil pilot.’’ Now the best of pilots 
have their off days, and we feel strongly that, 
compared with military designs, as much or 
even more effort should, on civil machines, be 
put into making the handling characteristics 
such that the consequences of the pilot doing 
the wrong thing are as innocuous as possible. 

With regard to Mr. Rowe’s point about 
cleanliness, controls can be made clean (e.g., 
sealed balance, internal linkages, etc.); we 
have no doubt that on civil types, where 
economic operation is vital, this problem will 
look after itself. 

Dr. Cameron asked for our views on “‘g”’ 
restrictors, a topic also touched upon by Mr. 
Lankester Parker and S/L Martindale. On 
largish aircraft, provided the stick force 
needed to break the aeroplane exceeds 100 Ib. 
from the trimmed condition, we feel that the 
necessity for a “‘g’’ restrictor is doubtful. 
With power operation, however, pilots may 
well far prefer a very light ‘‘feel’’ for general 
flying, which would give a force far below 
100 Ib. for breaking “‘g.’’ In that case some 
forn of restrictor, pre-loaded so as to leave 
the ‘‘feel’’ for ordinary manceuvres  un- 
affected, would be highly desirable, if not 
essential. It is safe to say that, with our 
present knowledge, production of a suitable 
restrictor is technically quite feasible. 

The question of large changes of directional 
trim with speed and power was also raised by 
Dr. Cameron. Contraprops and jets both 
provide the complete answer. Without them 
it is difficult to see any single approach to a 
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satisfactory answer for the region of high 
powers and very large airscrews into which 
we have run; each case must be treated on its 
own merits. Two tricks, which were not 
mentioned in the lecture, may provide a use- 
ful lead in certain cases : — 

(i) Separate fixed tabs on the rudder, bent 
outwards in different directions, one in the 
high velocity slipstream region and one out- 
side it. If the hinge moments of the tabs 
about the rudder hinge are just balanced 
engine-on, they will obviously be unbalanced 
on throttling back, since the tab in the slip- 
stream will lose effectiveness whereas the tab 
outside will be unaffected. This lack of 
balance can be arranged to move the rudder 
automatically in the direction needed to main- 
tain trim. 

(ii) A spring loaded tab on the rudder, off- 
set 10° or so. As speed is increased the tab 
will blow back on the spring. By suitably 
adjusting tab hinge moments and _ spring 
strength, this movement can be made _ to 
approximate to that needed to maintain trim 
over the speed range. 

Mr. Clarkson commented on our rather 
harsh remarks about the use of springs and 
weights for improving stick free longitudinal 
stability. The tongue was in the cheek when 
these remarks were penned. Springs and 
weights are such useful dodges when in a 
tight spot with instability on a prototype, that 
it seems a wise policy to keep them up one’s 
sleeve, and never to incorporate them in a 
design at the outset. He also asked for our 
views on trimming tail planes—moving planes 
as compared with tab trimmed elevators. As 
already mentioned, moving tails may well be 
essential for high Mach number work. Even 
for normal machines, however, there is aero- 
dynamically a lot to be said for trimming by 
moving the ‘‘fixed’’ tail plane. By suitable 
design it enables one to get away with a very 
small elevator, which helps to offset the extra 
weight entailed in the trimming mechanism. 

It should be noted that Mr. Lankester 
Parker and Mr. Lucas, both test pilots of 
exceptional experience, stressed the import- 
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ance of good mechanical design of the control 
circuit. 

The suggestion made by Mr. Lucas for a 
glossary of pilots’ terms might be useful, but 
an argument can be made against it, in that 
it might encourage the notion prevalent 
amongst some technicians that a pilot is a 
special and rather inapproachable being with 
a language all of his own. Instead of shutting 
himself up in a box with a slide rule, and 
consulting the suggested ‘‘dictionary’’ when 
flight reports arrive in the in-tray, the tech- 
nical man should spend a lot of time with the 
pilots, getting their stories direct—the written 
report being mainly for record purposes. If 
he is on speaking terms with his pilots, a 


glossary of their jargon should be unneces- 
sary. 

In reply to Mr. Inglesby, who raises the 
question of turbulence at the discontinuity 
between the inboard end of a deflected aileron 
and the undeflected trailing edge of the inner 
wing, there is little evidence that flow through 
this gap results in any noticeable vibration 
or buffeting troubles. Severe buffeting has 
been experienced when a badly faired protu- 
berance on the wing undersurface ahead of 
the aileron sends an irregular wake washing 
over the control. In the case of Frise ailerons 
bad vibration can be produced in this way 
even if such a wake extends over only a very 
small part of the aileron span. 


T H 


De 
tion 
conta 
Aero! 
the fe 

Bo 
on th 
recog 
is les 
some 
capac 
load 


P. 


V 
e 
Sé 
510 


TH E ROYAL 


AERONAUTICAL 


SOCTETY 


CORRESPONDENCE 


VALUE OF WEIGHT SAVING IN 
AIR LINERS. 
To the Editor. 

15th May, 1945. 

Dear Sir,—With reference to the invita- 
tion to correspond upon the above subject, 
contained in the ‘‘ Journal of the Royal 
Aeronautical Society ’’ of April, I submit 
the following :— 

Both Major Green and previous writers 
on this subject appear to have omitted to 
recognise the fact that if the payload factor 
is less than 100 per cent., conversion of 
some of the deadweight into extra payload 
capacity will not result in any more pay- 
load being carried, because the payload 


£20 


Monetary 
Value of 
each lb. of 
£10 
Deadweight 


saved in 


Pounds 


offered is already less than the capacity of 


the aircraft prior to its having been im- 
proved in design. I ‘‘ fell into this trap ”’ 
when making a few remarks on this subject 
during the R.Ae.Soc. discussion on Civil 
Aviation in November last. 

It is only on those occasions when the 
payload offered exceeds the aircraft’s capa- 
city (a payload factor greater than 100 per 
cent.) that an increase in the plane’s pay- 
load capacity through weight saving, will 
result in more payload being carried. 

It is only on those occasions therefore 
that the extraordinarily high economic value 
of weight saved calculated by earlier writers 
and suitably whittled down by Major Green 
can in fact be achieved. 
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On all other occasions—when the payload 
factor is less than 100 per cent.—the only 
economy resulting from elimination of dead- 
weight, is that of fuel saved due to flying 
at a lesser all-up weight than would other- 
wise be the case. 

From calculations supplied by a colleague 
the value of weight saved under these 
circumstances is a fraction of the figure 
finally arrived at by Major Green, just as 
his result is a fraction of the American 
author who suggested that a pound of dead- 
weight saved was ‘‘ worth its weight in 
gold.”’ 

Using Major Green’s figure of 3.000,000 
total miles flown, and the price of fuel as 
2s. per gallon, and assuming that the air- 
craft is never offered more payload than it 
could carry prior to improvement, the value 
of each pound of deadweight saved is then 
of the order of only £2 5s. Od. per Ib. 
There will, of course, be occasions when the 
payload factor exceeds 100 per cent., but 
I have been unable to obtain any statistics 
to show how frequently this occurs when 
the average factor is 60 per cent. 


I therefore attach hereto a graph showing 
the value of each pound of deadweight 
saved, between the two extremes of the pay- 
load factor never reaching 100 per cent., 
and of its never being less than this desir- 
able figure. I have used Major Green's 
tentative figure of £16 10s. Od. per Ib. both 
for the latter case and for the determining 
intermediate values. 

It must be appreciated that the figure of 
£2 5s. Od. per lb. included herewith is 
necessarily approximate also, as opportunity 
does not exist for a thorough investigation 
into this figure. 

The foregoing is submitted in order to 
show the desirability of the aircraft opera- 
tor attempting to forecast to the designer 
the percentage of occasions on which the 
payload factor will exceed 100 per cent. in 
order to give him a lead as to the economic 
values he has to consider when attempting 
reduction in deadweight. 

I look forward to the pleasure of te- 
ceiving some comments upon the principle 
on which this note is based, in due course. 

Yours truly, 
E. C. Garrarp. 
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To-morrow's Airliners, Airways and 
Airports. 


S. E. Veale. Pilot Press, Ltd., London. 
1945. 15/- net. 


Only the very bold or the very young can 
have the temerity—if temerity be the right 
word—to prophesy in writing what the 
future holds forth in the air. 


The progress of science outstrips the 
greatest figments of imagination. The prime 
mover of to-day is obsolescent to-morrow. 
At the beginning of 1939 few people (and 
they were labelled fanatics by the many) 
saw an end to the reciprocating engine as 
the prime mover for aircraft. By 1942, how- 
ever, it had become abundantly clear that 
a new prime mover was speeding into first 
place and experts were predicting the end 
of the reciprocating engine as far as aircraft 
were concerned. The experts were more 
than a little disturbed when the first V1 
was examined, and much disturbed after an 
examination of the V2. Their ideas which 
had rocketed skywards with the advent of 
jet propulsion began to soar towards con- 
trolled rockets, and the moon was even con- 
sidered as a possible landing ground. Before 
the tumult of the rocket had died away the 
successful development of the atomic bomb 
Was announced and the experts began a fresh 
series of prophecies. 

This is by way of saying that the way of 
the prophet is becoming a more increasingly 
dificult one to follow. Mr. Veale’s book 
might be obsolete before it is written, for 
he had only got as far as jet propulsion and 
gas turbines, of which he says that its 
application to aircraft will mark one of the 
biggest milestones in the history of aero- 
nautical engineering. (Why one milestone 
is bigger than another the reviewer is not 
clear. ) 


On present-day practice, as apart from 
present-day knowledge, Mr. Veale’s book 
is, however, by no means obsolescent. He 
deals largely with the next five to ten years. 
To quote from his book, ‘‘ We now begin 
to see the pattern of to-morrow’s air liners. 
The form they will take during the first five 
years from the end of the war can be 
sharply drawn and all the details added. 
Those of the second five years must be 
sketched with a lighter touch and finished 
in less detail. The third five-year period 
can already be drawn in outline, but gaps 
may have to be left here and there for 
shapes of things unknown.” 

The jet, the gas turbine, the rocket and 
atomic energy will all have their teething 
troubles and the enthusiasm of to-day will 
have to give way to the cold douche of 
to-morrow’s commercialism. Ideas leap 
ahead of practical progress and it may be 
more than five years before many of the 
ideas of to-day come into general use. 
During that five-year period Mr. Veale 
should count upon his book being of con- 
siderable use. He covers a wide landing 
ground, covers it in a pleasantly written 
way, and leaves one with the feeling that 
he has taken considerable trouble to get his 
material. It is well worth buying and 
studying by all those interested in civil avia- 
tion and its very uncertain future. 


Aviation, 


H. E. Wimperis, C.B., C.B.E. Oxford 


University Press. 1945. 3/6 net. 


This is No. 
series the Home 
Modern Knowledge. 

Mr. Wimperis has every qualification for 
being chosen to write this volume. As the 


195 of that most excellent 


University Library of 


first Director of Scientific Research at the 
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Air Ministry during those most critical years 
1925-37 upon him rested heavily decisions, 
the successful results of which were shown 
in 1939-1945. Successful lines of research 
and development must depend upon vision 
as Well as engineering or scientific know- 
ledge, for they depend upon a foresight of 
what will be wanted in five to ten years time, 
irrespective of what is happening now. 
Greater credit than has yet been given must 
be awarded, therefore, to these aircraft de- 
signers, research workers and others, among 
whom Mr. Wimperis was a leading figure, 
who had the vision and the courage to lay 
down lines of development which did not 
always appear at the time to be too fruitful 
of results. The decisions were all the more 
courageous in that the Government itself 
were parsimonious almost to starvation 
point, and every penny had to be con- 
sidered as being likely to bring back three- 
halfpence before it could be invested in re- 
search or development projects. 

Mr. Wimperis is kind in saying that 
‘“ Governmental aid is almost always forth- 
coming, not merely for the carrying out of 
researches but for the subsequent applica- 
tion of results which show promise.”’ His 
chapter, however, on research is one of ab- 
sorbing interest, from the foundation of the 
A.R.C. in 1909 to astonishing development 
of Radar, which, as Director of Scientific 
Research, Mr. Wimperis had __ specially 
directed the attention in 1935 of Mr. R. A. 
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(later Sir Robert) Watson-Watt, for all de- 
fence purposes as urgently needing attention, 


The scope of this book is adequately 
shown by the chapter headings, The Growth 
of Flying; The Research Endeavour; Flight 
and Physiology; The Airplane in War; 
Civil Aviation and Aviation in Relation to 
World Security. The author puts his 
material into the simplest form, and puts it 
too, in an easy flowing way which is the 
sign of careful thought. 

The last words in the chapter on Aviation 
and World Security should be pondered over 
by everyone who looks into the future. 
‘The scientist and the engineer by their 
labours have discovered new tools and will 
assuredly discover many more; to ensure 
that such inventions shall be rightly used, 
though vital, is not a task to be imposed 
on the discoverers alone; it is the responsi- 
bility of all citizens.” 

The italics are the reviewers. The aero- 
plane and its future is the responsibility of 
all citizens, and as many of those citizens 
as possible should buy this exceedingly 
cheap and informative summing up of avia- 
tion as it is at the present day. 


As a tailpiece to this review, the reviewer 


is glad to note how often the author quotes 


from lectures given before the Royal Aero- 
nautical Society and the opinions of leading 
members of the Society, for which Mr. 
Wimperis himself has done so much. 
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Brighton 7025 
‘5 lines) 
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DIRECTORY 


MaGNESIUM CASTINGS 
anpD Propucts Ltp. 
MarsTON EXCELSIOR LIMITED 


MessIER AIRCRAFT EQUIPMENT 
LIMITED 

MeTALASTIK LIMITED 

Mires AIRCRAFT LIMITED 

Henry MILLER & COMPANY 


MoLLART ENGINEERING COMPANY 
LTD. 

THE NicKEL COMPANY 
LTD. 

MoNOCHROME LIMITED 

MorRISONS ENGINEERING LTD. 


D. NAPIER & SON LIMITED 


NiTRALLOY LIMITED 


THE PALMER TYRE LiD. 
PaRNALL AIRCRAFT LIMITED 


PercIvAL AIRCRAFT LIMITED 
Peto & RADFORD 

PHILIDAS LIMITED 

Sir IsAac PITMAN & SONS 
LIMITED 

PoRTSMOUTH AVIATION, LIMITED 
PRESSED STEEL Co. Lip. 

Pye LIMITED 


RANSOMES, 

REYNOLDS TuBE Co. Lip. 

R.F.D. Company LTp. 

A.V. & Company LIMITED 

Rotts-Royce Lrp. 

5. GRAHAME Ross Lip. 

Rotax 

Roto. Lim1TED 

L. A. RumBoLtp & Co. Lip. 


Sims & JEFFERIES 


SancAMo Weston 
SaunDERS-RoE Lrtp. 


SeLr-PRIMING Pump & ENGINEER- 
_ Inc Co., Ltp. 

SERCK RapiaToRS LIMITED 

SHORT BROTHERS (ROCHESTER & 
BepForD) Ltp. 


OF 


89 Buckingham Avenue, Trading Estate, 
Slough 
Wolverhampton 


49-59 Armley Road, Leeds, 12 
Liverpool Road, Warrington 


Evington Valley Road, Leicester 

Reading, Berkshire 

““Skyhi Works, Standard Road, Park 
Royal, London, N.W.10 

Kingston By-Pass, Surbiton, Surrey 

Grosvenor House, Park Lane, London, 
W.1 

Studley Road, Redditch, Worcs. 

Purley Way, Croydon 


Acton, London, W.3 


47 Bank Street, Sheffield, 1 


Herga House, Vincent Square, London, 
.W.1 

8 South Street, Park Lane, London, 
W.1 

Luton Airport, Luton, Beds. 

Chequers Lane, Dagenham, Essex 

The Aerodrome, Reading, Berkshire 

Parker Street, Kingsway, London, W.C.2 


The Airport, Portsmouth 
Cowley, Oxford 
Radio Works, Cambridge 


Orwell Works, Ipswich 


Hay Hall Works, Tyseley, Birmingham 

Stoke Road, Guildford, Surrey 

Newton Heath, Manchester 

Derby 

Bath Road, Slough, Bucks. 

Willesden Junction, London, N.W.10 

Cheltenham Road, Gloucester 

IxXingsgate Place, Kilburn, 
N.W.6 


London, 


Great Cambridge Road, Enfield, Middle- 
sex 


49 Parliament Street, Westminster, 
London, S.W.1 
Edinburgh Avenue, Trading Estate, 


Slough, Bucks. 
Warwick Road, Birmingham, 11 
Rochester, Kent 


ADVERTISERS 


Slough 20207 


Wolverhampton 
21481 

Armley 38081-5 
Warrington 2244 


Leicester 25196 
Reading 60811 
Willesden 1302-3-4 


Elmbridge 
3352-3-4 (3 lines) 
Grosvenor 4131 


Studley 121-2 
Croydon 0191 


Shepherds Bush 
1220 
Sheffield 25907 


Victoria 8323 
(6 lines) 
Grosvenor 2771-2 


Luton 2960 
Rainham 34 
Wargrave 218 
Holborn 9791 
(4 lines) 
Portsmouth 
Oxford 77701 
Cambridge 3434 


74374 


Ipswich 2201 


Acocks Green 1607 
Guildford 3232 
Failsworth 2020 
Derby 2424 
Burnham 686-8 
Willesden 2480 
Gloucester 4431 
Maida Vale 
7366-7-8 


Enfield 3434 and 
1242 
Whitehall 7271 


Slough 23277 
(4 lines) 
Victoria 0531 
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DIRECTOR Y OF 


SIMMONDS AEROCESSORIES LTD. 


Simms Motor Units LTpD. 

SMITHS AIRCRAFT INSTRUMENTS 

THE SPERRY GYROSCOPE Co. LTD. 


M. E. Stace & Co. LrtD. 


STANDARD TELEPHONES & CABLES 
Ltp. 


TAYLORCRAFT AEROPLANES 
(ENGLAND) LTD. 


THE TECHNOLOGICAL INSTITUTE 
OF GREAT BRITAIN 
TITANINE LIMITED 


Tuses LIMITED 
ERNEST TURNER GROUP 
ERNEST TURNER (LONDON) 
Lrp. 
ERNEST TURNER (WEAVING) 
ERNEST TURNER ELECTRICAL 
INSTRUMENTS LTD. 
Cuas. DouLp & Son Lip. 


TURNER MANUFACTURING Co. LTD. 


THE UNITED STEEL COMPANIES 
LIMITED 


VICKERS-ARMSTRONGS LIMITED 
(AIRCRAFT SECTION) 


VoKEs Lip. 


WaDKIN 


WaRWICK AVIATION COMPANY 
Lrp. 

WESTLAND AIRCRAFT LIMITED 

Cuas. Weston & Co. 

A. C. WicKMAN LIMITED 

HENrRy WIGGIN & Company 


WILKINSON RUBBER- LINATEX 
Ltp. 

WILLIAMSON MANUFACTURING Co. 
Lip. 


‘WORCESTER WINDSHIELDS AND 
CASEMENTS LTD. 


YORKSHIRE ENGINEERING Swup- 
PLIES LTD. 

THE YORKSHIRE PATENT STEAM 
Wacon Co. 


Great West Road, Brentford, London 


Oak Lane, East Finchley, London, N.2 
Cricklewood Works, London, N.W.3 


Great West Road, Brentford, Middlesex 
14 Portland Street, Cheltenham 


New Southgate, London, N.11 


Britannia Works, Thurmaston, Leicester 


39 Temple Bar House, Fleet Street, 
London, E.C.4 
Colindale, London, N.W.9 


Rocky Lane, Aston, Birmingham, 6 
Northdown House, Northdown Street, 
King’s Cross, London, N.1 


Wulfruna Works, Moorfield Road, Wol 
verhampton 


17 Westbourne Road, Sheffield, 10 


Vickers House, Broadway, Westminster, 
London, S.W.1 

Weybridge Works, Weybridge, Surrey 

Putney, S.W.15 


Green Lane Works, Leicester 


Warwick 


Yeovil 

Torrington Avenue, Coventry 
Tile Hill, Coventry 

Wiggin Street, Birmingham 
Frimley Road, Camberley, Surrey 


Litchfield Gardens, Willesden Green, 
London, N.W.10 
Barbourne, Worcester 


Bronze Foundries, Upper Wortley Road, 
Leeds, 12 
Hunslet, Leeds, 10 


XXX 


ADVERTISERS 


Ealing 2212 
(18 lines) 
Finchley 2262 
Gladstone 3338 


Ealing 6771 
(10 lines) 
Cheltenham 
52021-2 
Enterprise 1234 


Syston 86106-8 


Central 5940 


Colindale 8123 
(6 lines) 
Aston Cross 3030 


Terminus 6674-5-6 


Wolverhampton 
24456 (5 lines) 


Sheffield 60081 
(7 lines) 


Abbey 7777 


Byfleet 240-243 


Leicester 

27114 (4 lines) 
28021 (3 lines) 
Warwick 693 


Yeovil 1100 
Tilehill 66291-2 
Tile Hill 66271 
Edgbaston 2245 
Camberley 1595 


Willesden 
0073-0075 
Worcester 3326 
(3 lines) 


Leeds 38234 and 
38291 

Leeds 76551 

(2 lines) 
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Hiduminium Applications Ltd. are the 
designers of the Aluminium House for 
A..R.O.H. (Aircraft Industry's Reseam 
Organisation on Housing) Each house 
is factory pre-fabricated : 

fully equipped with ail 
vices pod.the finish coat 


APPL CAT 0N T 


DESIGNERS IN LIGHT METALS REYNOLDS TUBE CO., LTD 
FOR HIGH DUTY ALLOYS LTD REYNOLDS ROLLING MILLS LTD 
FAR NH A OM AO A 5 L O U GH B UC K 


Xxxiii 


WHEN THE NATION WANTS HOUSES = 
. 


“A British Overseas Airways Corporation 
Lancastrian plane inaugurated the London 
—Auckland service by creating a record for 
the 13,300 mile flight of 53 hrs. 13 min.” 

Daily Telegraph” 


4 The Lancastrian which accomplished this 
record flight at anaverage speed of 250 miles 
per hour-—was powered by four ROLLS- 
ROYCE MERLIN liquid cooled aero engines 


ROLLS ROYCE 


AERO ENGINES 
For Speed and Reliability 


See Britain’s Aircraft Exhibition on the John Lewis site, 
Oxford Street, London, W.1. 
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LEVERED SUSPENSION 
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DOWTY HYDRAULIC EQUIPMENT 


Printed by the Lewes Press (Wightman & Co., Ltd, Frars Walk, Lewes, England, and Published by the Royal 
Aeronautical Society, 4, Hamiiicm Place, London, W.1, England. 
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